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PREFACE 
T h i s  a s s e s s m e n t  was performed between 7973 and 1977 a t  t h e  
Nuc lea r  Resea rch  C e n t e r  K a r l s r u h e  (KFK), F . R . G . ,  and i s  i n  l i n e  
w i t h  r e s e a r c h  work g o i n g  on  a t  t h e  Energy Systems Program o f  t h e  
I n t e r n a t i o n a l  I n s t i t u t e  f o r  Appl ied  Systems A n a l y s i s  (IIASA) 
a t  Laxenburg,  A u s t r i a .  
The p o i n t  o f  i n t e r e s t  was t o  u n d e r s t a n d  i n  some d e t a i l  t h e  
c a p a b i l i t y  of  a  F a s t  Breeder  R e a c t o r  (FBR) o f  a  d e s i g n  c o n s i d e r e d  
and  e x p l o r e d  t o d a y  i n  p r o d u c i n g  U233 i n  t h e  r a d i a l  b l a n k e t ,  w i t h  
a  v iew t o  u s i n g  t h i s  U233 i n  High Tempera tu re  R e a c t o r s  (HTRs). 
More s p e c i f i c a l l y ,  t h e  problem was t o  l o o k  a t  d e s i g n  changes  o f  
FBR c o r e s  t h a t  would o r  would n o t  be  n e c e s s a r y  i f  a t h o r i u m  
b l a n k e t  were i n s t a l l e d  i n s t e a d  of  a  U02 b l a n k e t .  T h i s  i n v e s t i -  
q a t i o n  w a s  t o  be complemented by i d e n t i f i c a t i o n  o f  t h e  f e a t u r e s  
of t h e  r e a c t o r  s t r a t e g y  s c e n a r i o s  t h a t  s h o u l d  become p o s s i b l e  
i n  t h i s  way. 
The o p e r a t i o n  o f  a n  FBR/HTR compound based  on t h e  b r e e d i n g  
c a p a b i l i t i e s  o f  t h e  FBR c a n  s e r v e  t o  g e n e r a t e  n o t  o n l y  elec t r ic-  
i t y  b u t  a l s o  h i g h  t e m p e r a t u r e  p r o c e s s  h e a t ,  under  p r a c t i c a l l y  
no r e s o u r c e  s u p p l y  c o n s t r a i n t s  and t h u s  f o r  a  v i r t u a l l y  u n l i m i t e d  
p e r i o d  o f  t i m e .  Such p r o c e s s  h e a t  c o u l d  f a c i l i t a t e  t h e  produc-  
t i o n  of  hydrogen o r  o t h e r  c h e m i c a l  p r o c e s s e s  used  f o r  e n e r g y  
s u p p l y  
The e n e r g y  s t u d i e s  a t  IIASA c l e a r l y  p o i n t  t o  t h e  medium- 
and long- range  n e c e s s i t y  t o  a p p l y  n u c l e a r  power t o  p u r p o s e s  
o t h e r  t h a n  s o l e l y  e l e c t r i c i t y .  T h e r e f o r e ,  t h e  p r e s e n t  r e p o r t  
s h o u l d  be  s e e n  i n  c o n j u n c t i o n  w i t h  t h e  f o r t h c o m i n g  book on 
"Energy i n  a  F i n i t e  World--A G l o b a l  Systems A n a l y s i s "  by I IASA's  
Energy Systems Program r e p o r t i n g  i n  g r e a t e r  d e p t h  on  t h e  e n e r g y  
s y s t e m s  a n a l y s i s  it h a s  pe r fo rmed .  The p r e s e n t  s t u d y  by i t s  
v e r y  n a t u r e  e q u a l l y  r e l a t e s  t o  t h e  work o f  t h e  F a s t  B r e e d e r  Pro- 
j e c t  o f  t h e  Nuc lea r  Resea rch  C e n t e r  K a r l s r u h e .  
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SUMMARY 
This assessment focuses on the optimal use of the uranium 
and thorium nuclear fuel resources in the advanced nuclear re- 
actor types currently under development in several countries, the 
Fast Breeder Reactor (FBR) and the High Temperature Reactor (HTR) . 
The study has been motivated by the increased need for nuclear 
power anticipated for the coming decades, and by the apparently 
limited reserves of nuclear fuels, that is, of economically vi- 
able uranium ore (U308) resources. 
The need for nuclear power as a major long-term energy source 
can be justified by several arguments. Above all, it is abso- 
lutely necessary to reduce the world's reliance on fossil fuels 
(oil), which are not only limited but also confined to a few po- 
litically unstable regions. Furthermore, the world's--and espe- 
cially the third world's--demand for primary and electric energy 
is foreseen to increase substantially within the next 50 years, 
making it mandatory for industrialized societies to develop new 
energy sources besides continuing to exploit fossil fuels. At 
the present time, nuclear energy seems to be the only technolog- 
ically viable alternative capable of meeting these large-scale 
and long-term challenges. 
Reliance on uranium ore is currently ascribed to Light Water 
Reactors (LWRs). These require considerable amounts of U O8 for 
utilizing the U235 isotope, on which this reactor type relies as 
fissile fuel. Since uranium ore resources--and thus U235--seem 
to be finite like fossil fuels, it appears prudent to determine 
to what extent these resources are used more efficiently in 
FBRs and HTRs than in LWRs. It is a main goal of this study 
to show that the development of nuclear power, if continued along 
the current lines of FBR and HTR development, can lead to a prac- 
tically self-sustaining large-scale energy supply system offering 
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the following advantages: this system (1) relies on an essentially 
inexhaustible fuel resource base, and (2) has the potential of 
meeting a very significant fraction of all primary and electrical 
needs for many centuries. Underlying is the assumption- that 
the available U308 resources are invested expediently in the next 
few decades, and the fuel logistics between FBRs and HTRs is prop- 
erly chosen. 
This study assesses in detail the fuel utilization charac- 
teri5tics of the uranium ore-independent U238/Pu239 and Th232/ 
U233 nuclear fuel cycles in the FBR and in the HTR, both by means 
of extensive burnup calculations and analytical one-group models. 
In the case of the HTR, the analysis is extended to the fuel util- 
ization of the U238/U235 and Th232/U235 fuel cycles, which are 
currently viable but uranium-ore dependent; these serve as ref- 
erence cases for the U308-independent U238/Pu239 and Th232/U233 
fuel cycles. 
The optimal fuel cycle logistics of a symbiotic reactor 
system consisting of FBRs and HTRs is specified and analyzed. 
The results obtained are also applicable, in principle, to any 
other fast-thermal reactor system with either LWRs or CANDUs as 
thermal reactors. The incentive to analyze the fuel economy of 
such a fast-thermal reactor system lies in its capability of 
supporting a large-scale energy supply system for several cen- 
turies on the basis of the abounding U238 and Th232 fertile iso- 
topes. In the case of an FBR/HTR system, the FBRs could meet 
future electricity requirements and the HTRs future process heat 
requirements. In the case of an FBR/LWR system on the other 
hand, FBRs, located on socalled energy islands or fuel cycle 
parks, could supply regionally operating LWRs with denatured 
fissile fuel. Within the frame of these perspectives, such a 
fast-thermal reactor system can be compared to other essentially 
inexhaustible energy sources, solar energy and nuclear fusion. 
None of these practically resource-independent energy systems 
can be expected to be fully established and deployed on a large 
scale earlier than several decades after the turn of the century. 
In the case of nuclear power, the interim period, referred to as 
the transition phase, thus necessarily relies on LWRs presently 
deployable, which consume large quantities of U338. But the 
availability and accessibility of this economically viable ura- 
nium resource seems limited. This nonrenewable resource of nu- 
clear fuel, which can be considered a one-time endowment, should 
therefore be invested expediently, namely in the establishment 
of a self-sustaining energy system. It is thus appropriate to 
assess the uranium ore requirements of such a system for the 
case of a typical industrialized country which is most likely 
to increasingly rely on nuclear power. 
For the purpose of aomparison, an assessment is made of 
three different reactor strategy scenarios focusing on different 
reactor tpyes, in order to determine their long-range U308 com- 
mitments. One scenario relies predominantly on LWRs, another on 
HTRs, and a third, considered the reference scenario, emphasizes 
FBRs in conjunction with HTRs and LWRs. In this scenario, the 
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r e a c t o r  sys tem converges  i n t o  a  symbio t i c  FBR/HTR system n e a r  t h e  
end of  t h e  t r a n s i t i o n  p e r i o d .  The i n f l u e n c e  on U 3 0 ~  demand of 
v a r i o u s  f a s t  b r eede r  d e s i g n s ,  such a s  (L iqu id-Xeta l )  Sodium- 
Cooled F a s t  Breeder  Reac to r s  (LMFBRs) w i t h  o x i d e  o r  c a r b i d e  f u e l ,  
o r  Gas-Cooled F a s t  Breeder  Reac to r s  (GCFBRs), i s  a l s o  add re s sed  
w i t h i n  t h e  FBR/HTR s c e n a r i o .    he p o t e n t i a l  of  HTR d e s i g n s  w i t h  
h igh  conve r s ion  r a t i o s  ( i .e .  CR = 0 .85 )  i s  a l s o  ana lyzed .  
The uranium ore demands a s s o c i a t e d  w i t h  t h e s e  s c e n a r i o s  a r e  
de te rmined  and d i s c u s s e d  f o r  a  wide range  of  p o s s i b l e  n u c l e a r  
energy  demand f o r e c a s t s  f o r  an  i n d u s t r i a l i z e d  r e g i o n  such  a s  t h e  
DeBeNeLux c o u n t r i e s .  
The r e s u l t s  of t h e  r e a c t o r  p h y s i c s  and r e a c t o r  s t r a t e g y  c a l -  
c u l a t i o n s  a r e  d e s c r i b e d  i n  Ckcp te r s  II t o  V .  C h a p t e r  I summarizes 
t h e  mathemat ica l  background o f  t h e  FBR b reed ing  r a t i o s  as  w e l l  
as HTR c o n v e r s i o n  r a t i o s ,  which a r e  d e r i v e d  i n  t h e  appendix  t o  
t h a t  c h a p t e r .  The rest of t h e  append ice s  e l a b o r a t e  on FBR reac- 
t i o n  rates ,  t h e  f i s s i l e  f i s s i o n  f r a c t i o n  d i s t r i b u t i o n  i n  t h e  HTR, 
f  i ss i le  f u e l  u t i - l i z a t i o n  i n  v a r i o u s  f i s s i l e  f u e l  c y c l e s ,  FBR s e l f -  
supp ly  i n  a n  FBK/HTR system i n  s t e a d y  s t a t e  and t h e  growth r a t e  
of such  a n  expanding sys tem,  a s  w e l l  as  t h e  LWR/FBR f i s s i l e  f u e l  
b a l a n c e  i n  t h e  t r a n s i t i o n  phase .  
According t o  t h e  f a s t  b r e e d e r  r e a c t o r  p h y s i c s  a s se s smen t s  
i n  C h a p t e r  II, u t i l i z a t i o n  of t h e  Th232/U233 f u e l  c y c l e  i s  l im-  
i t e d  t o  t h e  FBR b l a n k e t  r e g i o n s ,  and p r e f e r a b l y  t o  t h e  r a d i a l  
b l a n k e t .  Using Th232 i n  t h e  FBR core reg ion- -as  h a s  been sug- 
g e s t e d  f o r  t h e  s o c a l l e d  p r o l i f e r a t i o n  r e s i s t a n t  f u e l  cyc l e s - -  
r educes  t h e  f e r t i l e  f i s s i o n  c o n t r i b u t i o n  such  t h a t  t h e  g l o b a l  
b r eed ing  r a t i o  BRN ( f o r  a l l  r e g i o n s  n )  of  p r e s e n t  ox ide - fue l ed  
LMFBR d e s i g n s  (BRN = 1 .20 )  c7.ecreases t o  less t h a n  1 .0 ,  which 
would make t h e s e  LMFBRs nonbreeding reactors. By c o n t r a s t ,  Th232 
c a u s e s  o n l y  minor changes  i n  t h e  r e l e v a n t  FBR pa rame te r s  i f  it 
i s  used a s  f e r t i l e  b r e e d i n g  f u e l  i n  t h e  b l a n k e t  r e g i o n s .  The m o s t  
pronounced e f f e c t  i s  a  n o t i c e a b l e  r e d i s t r i b u t i o n  of t h e  r eg ion -  
dependen t  b r eed ing  r a t i o s  BRn and b reed ing  g a i n s  g n  as  w e l l  a s  
a s  s l i g h t  d e c r e a s e  i n  t h e  g l o b a l  b r eed ing  r a t i o .  
Compared t o  t h e  r e f e r e n c e  U 0 2  r a d i a l  b l a n k e t ,  t h e  b r eed ing  
c h a r a c t e r i s t i c s  of  a Th-metal ( ~ h ~ )  r a d i a l  b l a n k e t  as w e l l  as  of 
a  Tho2 r a d i a l  b l a n k e t  a r e  found t o  be  s u p e r i o r .  The U232 and 
Pa233 i s o t o p e s  a s s o c i a t e d  w i t h  t h e  thor ium c y c l e  do  n o t  have any 
s i g n i f i c a n t  e f f e c t  on t h e  performance of t h e  FBR i f  thor ium i s  
used i n  t h e  b l a n k e t  r e g i o n .  The sodium v o i d  c o e f f i c i e n t  i s  some- 
what ( - 1 0 % )  i n c r e a s e d  f o r  t h e  thor ium b l a n k e t s .  T h i s  can be 
a s c r i b e d  t o  t h e  l a r g e r  f i s s i l e  f u e l  enr ichment  i n  t h e  c o r e  zone 
a d j a c e n t  t o  t h e  r a d i a l  b l a n k e t  ( i . e .  a  f i s s i l e  f u e l  i n v e n t o r y  
l a r g e r  by 1 . 2 %  f o r  Tho2 and by 2.37% f o r  Th*). 
There i s ,  however, no  p a r t i c u l a r  i n c e n t i v e  t o  r e c y c l e  t h e  
U233 b red  i n  t h e  r a d i a l  b l a n k e t  i n t o  t h e  FBR core r e g i o n ,  where 
U233 h a s  s l i g h t l y  less f a v o r a b l e  n u c l e a r  c h a r a c t e r i s t i c s  t h a n  
Pu239. The u se  of  Th232 a s  f e r t i l e  r a d i a l  b l a n k e t  f u e l  i s  t h u s  
c o n t i n g e n t  on t h e  e f f i c i e n t  u t i l i z a t i o n  of  U233 b red  i n  o t h e r  
r e a c t o r  t y p e s .  
In the context of this FBR assessment, an analysis is made, 
involving considerable detail, of the effects of various FBR de- 
signs on parameters determining the global breeding ratio. The 
intrinsic difference between oxide- or carbide-fueled, and sodium- 
or gas-cooled designs, and large or small reactor units is demon- 
strated to be primarily due to their widely differing fast-fission 
contributions. BRN is thus adversely affected by either a decrease 
in fast fisslon by way of spectrum softening, shifting breed- 
ing into the blanket regions (FBRs with small cores, i.e. small 
power units), or substitution of Th232 for U238 as fertile iso- 
tope in the core region. Only by use of the ~238/Pu239 cycle in 
the core region can breeding ratios larger than 1.0 be assured 
for current LMFBR designs. 
The fissile fuel cycle assessments of the HTR in Chapter 111 
demonstrate that the HTR attains its full potential for high con- 
version ratios (CR 2 0.90) when it is supplied with FBR-bred U233. 
In this context, it is also shown extensively why the thorium 
cycle exhibits a better fuel utilization (i.e. CR is larger by 
about 0.20 than for the uranium cycle) under the assumption that 
the U233 converted in the HTR can be recycled, i.e. if the cor- 
responding thorium reprocessing facilities are available. 
Without reprocessing, fuel utilization in the thorium cycle 
is only insignificantly better than in the uranium cycle. About 
equal amounts of U308 are required as makeup fuel in both cycles, 
and the U3O8 demand of HTRs is similar to that of LWXs. Under 
these constraints, there is no incentive to decrease the fuel 
burnup in HTRs since this would result in a larger annual U308 
demand. The HTR conversion ratio is limited to about 0.65 in 
this case without reprocessing. 
If reprocessing facilities are asswed to be available, the 
thorium cycle is clearly advantageous over the uranium cycle. 
In addition, the U O8 demand can be reduced significantly (by 
2, 501 or more) if $he HTR fuel burnup is decreased to approximate- 
ly 30,000 MWd/t. Conversion ratios as high as 0.85 seem attain- 
able with U235 as makeup fuel. 
Optimal thermal reactor fuel utilization is achieved if this 
U235 makeup in the thorium cycle can be replaced by U233 makeup. 
Only very small quantities of U233 are necessary if the fuel 
burnup is kept low ( 2,30,000 MWd/t). This, of course, presup- 
poses fuel processing. Conversion ratios of up to 0.95 seem 
attainable under these circumstances. 
The highest HTR conversion ratios are therefore attained 
under the following conditions : 
-- utilization of the thorium cycle; 
-- recycling of U233 converted in the HTR; this requires 
Th reprocessing and fabrication facilities; 
-- decreasing the fuel burnups currently optimized in terms 
of fuel cycle costs from 100,000 MWd/t to values of 
20,000-30,000 MWd/t, to be optimized in terms of fissile 
fuel utilization; 
-- u s e  of  U233 makeup s u p p l i e d  by an  e x t e r n a l  s o u r c e  ( e . g .  
FBR) . 
Good HTR f u e l  u t i l i z a t i o n  t h u s  depends  a l s o  on t h e  a v a i l -  
a b i l i t y  o f  Th r e p r o c e s s i n g  f a c i l i t i e s .  
These r e a c t o r  p h y s i c s  a s s e s smen t s  l e a d  t o  t h e  d i s c u s s i o n  i n  
C h a p t e r s  I V  and V on f u e l  u t i l i z a t i o n  o f  r e a c t o r  sy s t ems .  
C h a p t e r I J  d e m o n s t r a t e s  t h a t  t h e  by f a r  most  f a v o r a b l e  f u e l  
u t i l i z a t i o n  of  a  s y m b i o t i c  f a s t - t h e r m a l  (FBR/HTR) r e a c t o r  sys tem 
w i t h  a  c l o s e d  f i s s i l e  f u e l  b a l a n c e  ( i , e .  a  sys tem independen t  o f  
U235 r e q u i r e m e n t s )  i s  ach i eved  by u t i l i z i n g  b o t h  t h e  uranium 
c y c l e  and t h e  t h o r i u m  c y c l e .  For t h e  FBR/HTR sys tem,  t h i s  i s  
i d e n t i f i e d  a s  t h e  mixed f u e l  c y c l e  / U - ~ h / ,  which assumes t h e  u s e  
o f  t h e  t h o r i u m  c y c l e  i n  t h e  t h e r m a l  r e a c t o r  (HTR) and i n  t h e  FBR 
r a d i a l  b l a n k e t  r e g i o n ,  and t h e  uranium c y c l e  i n  t h e  FBR c o r e  and 
a x i a l  b l a n k e t  r e g i o n s .  I n  t h e  o t h e r  f e a s i b l e  sys tem f u e l  c y c l e ,  
c a l l e d  t h e  uranium c y c l e  / U / ,  t h e  t ho r ium c y c l e  i s  n o t  used a t  
a l l ,  and b o t h  r e a c t o r  t y p e s  e x c l u s i v e l y  r e l y  on t h e  uranium c y c l e .  
The advan tage  o f  t h e  /U-Th/ c y c l e  o v e r  t h e  / U /  c y c l e  i s  s i g n i f i -  
c a n t ,  t h e  d i f f e r e n c e  i n  f u e l  u t i l i z a t i o n  b e i n g  a  f a c t o r  o f  2 t o  
4 ,  depending on HTR f u e l  burnup and FBR d e s i g n .  
I n  a  nonexpanding o r  no-growth FBR/HTR sys tem,  t h e  FBR and 
HTR f i s s i l e  i n v e n t o r i e s  a r e  o f  . l i t t l e  s i g n i f i c a n c e .  I n s t e a d ,  
h i g h  b r e e d i n g  r a t i o s  and/or  low HTR burnups  a r e  i m p o r t a n t .  An 
FBR w i t h  a  h i g h  b r e e d i n g  r a t i o  (BRN = 1 .4 )  c a n ,  f o r  example,  sup- 
p l y  up t o  t h r e e  e q u i v a l e n t  HTRs w i t h  f i s s i l e  f u e l .  
I n  an  expanding FBR/HTR sys tem,  a  sys tem growth r a t e  a o f  S 
up t o  5$/yr  i s  p o s s i b l e  w i t h  a p p r o p r i a t e  FBR and HTR d e s i g n s .  
The i n f l u e n c e  o f  f i s s i l e  f u e l  i n v e n t o r i e s  i s  c o n s i d e r a b l e .  FBRs 
w i t h  medium s i z e  i n v e n t o r i e s  and ave rage  b r e e d i n g  r a t i o s  a r e  gen- 
e r a l l y  t o  be  p r e f e r r e d  o v e r  FBRs w i t h  h i g h  b r e e d i n g  r a t i o s  and 
h i g h  i n v e n t o r i e s .  
C h a p t e r  V a s s e s s e s  t h e  U308 r e q u i r e m e n t s  d u r i n g  t h e  t r a n s i -  
t i o n  phase  f o r  t h r e e  d i f f e r e n t  r e a c t o r  s t r a t e g y  s c e n a r i o s ,  e a ch  
f o c u s i n g  on a  p a r t i c u l a r  r e a c t o r  t ype .  The r e f e r e n c e  s c e n a r i o  
rel ies on FBRs, w i t h  b o t h  LWRs and HTRs b e i n g  dep loyed  i n  t h e  
t r a n s i t i o n  phase .  T h i s  LWR/HTR//FBR r e a c t o r  sys tem converges  i n -  
t o  t h e  U308-independent FBR/HTR sys tem i n  t h e  a sympto t i c  phase .  
The second s c e n a r i o  i s  p r i m a r i l y  based  on LWRs and h a s  some HTRs, 
and t h e  t h i r d  a l m o s t  e x c l u s i v e l y  u s e s  HTRs and some LWRs i n  t h e  
t r a n s i t i o n  phase ;  b o t h  of  t h e s e  s c e n a r i o s  a r e  w i t h o u t  FBRs. 
I n  t h e  c o n t e x t  of t h e  HTR s c e n a r i o ,  t h e  i n f l u e n c e  of  o p t i -  
mal HTR f u e l  u t i l i z a t i o n  ( u s e  o f  t h e  t ho r ium c y c l e ,  a v a i l a b i l i t y  
of  thor ium r e p r o c e s s i n g  f a c i l i t i e s ,  low f u e l  burnup a t  30 ,000 MWd/t, 
i , e .  CR - 0 .85)  on U308 r e q u i r e m e n t s  i s  a s s e s s e d  i n  o r d e r  t o  com- 
p a r e  it w i t h  t h e  FBR s c e n a r i o .  
I n  t h e  FBR s c e n a r i o ,  d i f f e r e n t  FBR s t r a t e g i e s  a r e  a l s o  ana- 
l yzed  i n  o r d e r  t o  a s s e s s  t h e  i n f l u e n c e  o f  d i f f e r e n t  FBR d e s i g n s  
on f u t u r e  U308 r equ i r emen t s .  These FBR s t r a t e g i e s  a r e  de te rminzd  
i n  terms of FBR f i s s i l e  f u e l  c y c l e  i n v e n t o r y  and b r e e d i n g  g a i n s .  
F u t u r e  uranium o r e  r equ i r emen t s  f o r  t h e s e  t h r e e  r e a c t o r  s t r a -  
t e g y  s c e n a r i o s  were c a l c u l a t e d  f o r  a  h igh ,  a  medium, and a  low 
n u c l e a r  energy  demand f o r e c a s t .  The U308 r e q u i r e m e n t s  f o r  t h e  
v a r i o u s  s c e n a r i o s  and s t r a t e g i e s  w i t h i n  t h e  s c e n a r i o s  a r e  observed  
t o  d i f f e r  o n l y  q u a n t i t a t i v e l y  b u t  not q u a l i t a t i v e l y  f o r  t h e  v a r i -  
ous  demand f o r e c a s t s .  
During t h e  e a r l y  p e r i o d  o f  t h e  t r a n s i t i o n  phase ,  1970-2000, 
a l l  t h r e e  s c e n a r i o s  e x h i b i t  s u b s t a n t i a l  and v e r y  s i m i l a r  uranium 
o r e  demands. These r e q u i r e m e n t s ,  cumula t i ve  a s  w e l l  a s  annua l ,  
do  n o t  d i f f e r  s i g n i f i c a n t l y  b e f o r e  2000-2010, u n t i l  t h e  r e a c t o r  
t y p e  under  c o n s i d e r a t i o n  assumes a  s i g n i f i c a n t  f r a c t i o n  o f  t h e  
t o t a l  r e a c t o r  c a p a c i t y .  S i n c e  t h e  market  p e n e t r a t i o n  o f  any new 
energy  sys tem o r  r e a c t o r  t y p e  t a k e s  on t h e  o r d e r  o f  s e v e r a l  de- 
c a d e s ,  t h e  d i f f e r e n c e s  between t h e  r e a c t o r  s c e n a r i o s  and r e a c t o r  
t y p e s  canno t  be expec t ed  t o  become s i g n i f i c a n t  b e f o r e  2010-2020. 
Th i s  i s  e s p e c i a l l y  demons t ra ted  by a  comparison of  t h e  U308 re- 
qu i r emen t s  a s s o c i a t e d  w i t h  some FBR d e s i ~ n s  i n  t h e  FBR s c e n a r i o  
w i t h  t h e  HTR s c e n a r i o  w i t h  o p t i m a l  f u e l  u t i l i z a t i o n .  Accord- 
i n g l y ,  no s i g n i f i c a n t  d i f f e r e n c e  i s  t o  be  expec t ed  between t h e  
FBR and HTR s c e n a r i o s  w i t h  r e s p e c t  t o  t h e i r  U308 demands i f  t h e  
t i m e  h o r i z o n  i s  l i m i t e d  t o  abou t  2020. Under t h e s e  c o n s t r a i n t s ,  
even t h e  LWR s c e n a r i o  shows comparable r e s u l t s .  
The d i f f e r e n c e s  i n  U3O8 r equ i r emen t s  between t h e  s c e n a r i o s  
and between t h e  s t r a t e g i e s  w i t h i n  t h e  s c e n a r i o s  become t r a n s p a r -  
e n t  i f  t h e  t i m e  hor i zon  i s  ex tended  t o  2050, o r  t o  a b o u t  4 0  t o  
50 y e a r s  a f t e r  commercial i n t r o d u c t i o n  o f  t h e  advanced r e a c t o r  
t y p e s .  
The s a l i e n t ,  and i n t r i n s i c ,  d i f f e r e n c e  between t h e  FBR and 
HTR s c e n a r i o s  i s  made c l e a r  by comparison of  t h e i r  annual  uranium 
o r e  demands, 
Between 2020-2050, t h e  annua l  U308 demand of most FBR stra- 
t e g i e s ,  depending on t h e  r e a c t o r  d e s i g n - s p e c i f i c  f i s s i l e  f u e l  
c y c l e  i n v e n t o r y  and b r e e d i n g  g a i n s ,  d e c r e a s e s  t o  z e r o ,  t h u s  l i m -  
i t i n g  t h e  cumula t ive  U308 r equ i r emen t s  o f  t h i s  s t r a t e g y  t o  a f i n -  
i t e  v a l u e .  I n  c o n t r a s t ,  t h e  annua l  U308 demand does  n o t  d e c r e a s e  
t o  z e r o  even f o r  t h e  t h e  most o p t i m a l  HTR s t r a t e g y .  I n  t h e  HTR 
s c e n a r i o ,  t h e  annua l  demand n e v e r  approaches  z e r o .  Th i s  i s  i n d i -  
c a t i v e  o f  a  con t inuous  r e l i a n c e  and dependence on t h e  a v a i i a b i l -  
i t y  o f  U308 r e s o u r c e s  i n  t h i s  s c e n a r i o  u n t i l  t h e  t i m e  when FBRs 
a r e  i n t r o d u c e d  t o  r e p l a c e  some HTRs, Any s c e n a r i o  r e l y i n g  ex- 
c l u s i v e l y  on HTRs o r ,  f o r  t h a t  m a t t e r ,  any t he rma l  r e a c t o r  t y p e ,  
t h e r e f o r e  r e q u i r e s  a  p r a c t i c a l l y  u n l i m i t e d  U308 supp ly  o r  r e s o u r c e  
ba se ,  Adopting an HTR s t r a t e g y  would t h e r e f o r e  mere ly  imply sub- 
s t i t u t i o n  o f  a  long-term U308 dependence f o r  t h e  c u r r e n t  o i l  de- 
pendence,  
x i i  
The largest U308 resources are clearly required for the LWR 
scenario. Exclusive reliance on LWRs would deplete present nonre- 
newable U308 reserves within a few decades. Adopting such a stra- 
tegy forecloses the use of nuclear power as a long-range option, 
since by then the nuclear fuel base necessary for establishing a 
self-sustaining reactor system will have been consumed. 
The deployment of FBRs with socalled proliferation resistant 
fuel cycles, i,e. with Th232 in the core reglion, exhibits charac- 
teristics very similar to those of the HTR scenario, in that a 
continuous annual U308 demand would be needed to sustain the sys- 
tem beyond the year 2050. The only feasible fuel logistics be- 
tween fast and thermal reactors is to use the U238/Pu239 cycle 
In the FBR core region and Th232 in the radial blanket, Only in 
this manner can the cumulative uranium ore fequirement be held 
finite. 
In principle, the cumulative U308 demand can only be limited 
by the deployment of FBRs, Different FBR designs have different 
uranium ore requirements. It is shown in this context that the 
FBR doubling time is not the dominant parameter during the FBR 
introduction phase, when the deployment of FBRs is coupled to the 
fissile plutonium production in LWRs. Rather, it is the FBR fis- 
sile inventory. The breeding ratio or breeding gain becomes rel- 
evant 10 to 20 years after FBR introduction. Generally, FBRs of 
low fissile inventories and high breeding gains allow consider- 
able savings in U308 (in this case 0.5-1.0 million tons). In 
comparison to FBRs with high breeding ratios and high inventories, 
FBRs with medium breeding ratios but medium inventories are pre- 
ferable, 
These reactor strategy assessments confirm that the comple- 
mentary deployment of FBRs and HTRs in the transition phase can 
lead to a self-sustaining FBR/HTR reactor system within a period 
of 40 to 60 years. The quantities of U308 necessary for such a 
system to become operational (referred to as the c r i t i c a l  mass 
of the FBR/HTR system) essentially depend on the choice of FBR 
design (gas-cooled fast breeder reactor, carbide-fueled LMF'BR, 
etc,), the fuel or fissile fuel cycle logistics between FBRs and 
HTRs (uranium or thorium cycles, recycling or nonrecycling of the 
bred fissile isotopes), and HTR fuel burnup. The U308 reserves 
currently available are not sufficient to allow a significant 
delay in establishing such a self-sustaining reactor system, lest 
the option of using nuclear energy as a long-range energy supply 
system should be foreclosed. Considerable quantities of uranium 
ore can be saved by strategically favorable designs of both FBRs 
and HTRs. Large-scale deployment of both reactor types assures 
optimum utilization of the thorium and xranium reserves available, 
provided the reactors have a closed fissile fuel balance and pro- 
vided their fissile fuel cycle logistics is coupled in the manner 
assessed in this investigation. 
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CHAPTER I. EQUATIONS FOR THE BREEDING RATIOS OF FBRs 
AND FOR THE CONVERSION RATIOS OF HTRs AND 
OTHER THERMAL REACTORS 
INTRODUCTION 
The breeding ratio BR of the FBR and the conversion ratio 
CR of the HTR are by far the most important parameters as regards 
the fuel utilization of these reactors. These two parameters are 
indicative of the fissile fuel requirements of these reactor 
types, reflecting their needs for nuclear fuel, e.g. uranium ore. 
Since BR and CR are viewed as the major parameters of this study, 
they are discussed beforehand in some detail. 
In this chapter relations are derived which are frequently 
referred to in the subsequent chapters. Some of them can be 
found in similar form in the literature (Adkins 19721, but most 
of the derivations are developed and introduced here to meet the 
special requirements of this assessment. 
In the derivations of the relevant equations, a clear dis- 
tinction is made between equations pertaining to multiregion 
reactors whose contribution of fast fission is significant, and 
equations for single-region reactors without significant fast 
fission. The former types can be associated with FBRs, and the 
latter with thermal reactors, such as HTRs, LWRs, etc. 
Differentiation is also made between incore and excore re- 
lations. The incore relations, limited to basic nuclear param- 
eters, are useful for reactor physics assessments. The excore 
(or out-of-core) relations also include parameters taking into 
consideration the characteristics of excore fuel cycle activi- 
ties, such as reprocessing and fabrication of reactor fuel, 
The incore relations are used in the reactor physics anal- 
yses of Chapters I1 and 111, and the excore relations in Chap- 
ters I11 to V o  
Some f u r t h e r  r e l a t i o n s  of  t h e  breed ing  r a t i o  B s  and t h e  
convers ion  r a t i o  CR a r e  i n t roduced  t h a t  a r e  based on parameters  
of a  more u n i v e r s a l  a p p l i c a b i l i t y .  These e q u a t i o n s  a r e  p a r t i c -  
u l a r l y  s u i t a b l e  f o r  comparisons of d i f f e r e n t  r e a c t o r  d e s i g n s  
a s  w e l l  a s  f o r  p a r a m e t r i c  s e n s i t i v i t y  s t u d i e s .  
1 . 2 .  INCORE PA-TERS OF A MULTIREGION REACTOR 
WITH FAST FISSION ( e . 9 .  FBR)  
Assessrnent of  t h e  impact  o f  d i f f e r e n t  f e r t i l e  and f i s s i l e  
i s o t o p e s  i n  t h e  v a r i o u s  r e a c t o r  r eg ions1  of an FBR r e q u i r e s  a  
d e t a i l e d  d e s c r i p t i o n  o f  t h e  b reed ing  c h a r a c t e r i s t i c s  o f  each  
r eg ion .  This  i s  usual ly  accomplished by c o n s i d e r a t i o n  of  t h e  
r e a c t i o n  r a t e s  of each  r e g i o n .  
I . 2 . a .  The Global  Breeding Ra t io  B% and t h e  Region Breeding 
Ra t io  BRn 
I n  FBRs o f  c u r r e n t  d e s i g n ,  t h e  c o r e  r e g i o n  i s  surrounded by 
bo th  an a x i a l  b l a n k e t  r e g i o n  and a  r a d i a l  b l a n k e t  r eg ion .  The 
c o r e  r eg ion  i s  f u e l e d  w i t h  e n r i c h e d  f u e l 2 ,  and t h e  a x i a l  and r a -  
d i a l  b l a n k e t  r e g i o n s  are f u e l e d  w i t h  f e r t i l e  f u e l .  Such r e a c t o r s  
made up of d i s t i n c t l y  d i f f e r e n t  f u e l  r e g i o n s  are r e f e r r e d  t o  a s  
m u l t i r e g i o n  r e a c t o r s .  The g l o b a l  b reed ing  r a t i o  B s  of  such a 
m u l t i r e g i o n  r e a c t o r  i s  normal ly  g iven  by 
N J G  
 he fo l lowing  d e s i g n a t i o n s  a r e  adopted he re :  r e a c t o r  r e g i o n s  
a r e  g l o b a l  r e g i o n s  o f  s i m i l a r  n u c l e a r  c h a r a c t e r i s t i c s .  The 
c o r e ,  t h e  a x i a l  b l a n k e t ,  and t h e  r a d i a l  b l a n k e t  of an FBR are 
r e f e r r e d  t o  a s  r e g i o n s .  Each r e g i o n  can be subdiv ided  i n t o  
zones;  t h e  c o r e  r e g i o n  i s  u s u a l l y  p a r t i t i o n e d  i n t o  two o r  more 
zones.  
2 
e n r i c h e d  f u e l  i s  a mix tu re  o f  f e r t i l e  and f i s s i l e  f u e l s .  
N represents the total number of regions n, G the total number 
of energy-groups g into which the continuous neutron spectrum is 
partitioned, J the total number of fertile isotopes j, and I the 
total number of fissile isotopes i. The following isotopes are 
usually referred to as fissile and fertile isotopes: 
j R (g,") are few-group neutron capture (c) and absorption (a) 
cross sections of energy group g in region n, $(g,n) is the cor- 
responding neutron flux, NY the particle density of isotopes i 
or j, and Vn the total volume of region n. Equation (1-1) is 
utilized in multidimensional burnup calculations as were perforned 
for the assessments in Chapter 11. 
Equation (1-1 ) can be reduced by collapsing the G energy 
groups into a one-energy group, such that 
i 
where aN is the absolute absorption reaction rates defined as 
with ci being similarly defined. 
Equations (1-1) and (1-2) describe the ratio of fissile 
fuel generated due to neutron capture cJ in the fertile fuel 
to the fissile fuel lost due to neutron absorption ai in f-is- 
sile isotopes i. 
I t  i s  u s u a l l y  more conven i en t  t o  c o n s i d e r  n o r m a l i z e d  r e a c t i o n  
r a t e s  i n s t e a d  o f  t h e  a b s o l u t e  r e a c t i o n  r a t e s  used i n  Equa t i on  
I - .  Normal iza t ion  i s  accompl ished by e q u a t i n g  a l l  n e u t r o n  
losses t h r oughou t  t h e  reactor t o  u n i t y ,  i . e .  
where < r e p r e s e n t s  t h e  no rma l i zed  t o t a l  a b s o r p t i o n  ra te  of  a l l  
I f i s s i l e  i s o t o p e s  i n  a l l  N r e a c t o r  r e g i o n s .  L ikewise ,  4 re- 
p r e s e n t s  t h e  c o r r e s p o n d i n g  normal ized  t o t a l  a b s o r p t i o n  rate of  
a l l  J f e r t i l e  i s o t o p e s ,  and PN i s  d e f i n e d  a s  t h e  sum o f  a l l  f r a c -  
t i o n a l  p a r a s i t i c  n e u t r o n  losses, such  t h a t  
L i s  t h e  p a r a s i t i c  n e u t r o n  l e a k a g e  l o s s  ( r e f l e c t o r  l e a k a g e )  ; 
FP t h e  p a r a s i t i c  n e u t r o n  a b s o r p t i o n  i n  t h e  f i s s i o n  p r o d u c t s ,  
S t  s t a n d s  f o r  losses i n  t h e  s t r u c t u r a l  m a t e r i a l s ,  M i n  t h e  mod- 
e r a t o r ,  and C i n  t h e  c o n t r o l  r o d s ;  R r e p r e s e n t s  a  r emainder  o f  
a b s o r p t i o n s  i n  p a r a s i t i c  a c t i n i d e s ,  such  a s  Np237, Pu242, Pa233, 
etc.  4, <, and PN are a l l  normal ized  i n  t h e  f o l l o w i n g  manner: 
PN b e i n g  t h e  nonnormal ized p a r a s i t i c  n e c t r o n  l o s s e s .  The p e r t i -  
n e n t  E q u a t i on  (1-2) c a n  now be e x p r e s s e d  i n  t e rms  of  normal ized  
r e a c t i o n  r a t e s  a s  
I n  o r d e r  t o  m a i n t a i n  c r i t i c a l i t y  o f  t h e  r e a c t o r ,  Equa- 
t i o n  (I-4), d e s c r i b i n g  t h e  sum o f  a l l  n e u t r o n  l o s s e s ,  must  be 
e q u a t e d  t o  t h e  n e u t r o n  g e n e r a t i o n .  F o r  a n  e x a c t l y  c r i t i c a l  re- 
a c t o r ,  i n  t h i s  case a n  FBR, t h e  e q u a t i o n  d e s c r i b i n g  t h e  produc- 
t i o n  of  n e u t r o n s  i s  t h e n  
I 
where (v F)  r e p r e s e n t s  t h e  n o r m a l i z e d  n e u t r o n  p r o d u c t i o n  rate as 
a  r e s u l t  of a l l  f i s s i l e  f i s s i o n s ,  and ( V F ) ;  t h e  n e u t r o n  produc- 
t i o n  due  t o  a l l  f e r t i l e  f i s s i o n s  ( f e r t i l e  f i s s i o n s  are a l s o  re- 
f e r r e d  t o  as f a s t  f i s s i o n s ) .  
E q u a t i o n s  ( 1 - 2 )  and ( I - 7 ) ,  which are o f  impor tance  f o r  
burnup c a l c u l a t i o n s ,  c a n  be  used  e i t h e r  as p o i n t - i n - t i m e  rela- 
t i o n s ,  which d e s c r i b e  t h e  r a t i o  o f  r e a c t i o n  rates  a t  any g i v e n  
t i m e  i n  any burnup c y c l e ,  o r  a s  burnup c y c l e - a v e r a g e d  r e l a t i o n s  
t h a t  d e s c r i b e  t h e  r e a c t i o n  rates averaged  o v e r  o n e  o r  more burn-  
up c y c l e s .  
The b r e e d i n g  r a t i o  of  a g i v e n  reactor r e g i o n  n  c a n  t h e n  be 
w r i t t e n  as 
O t h e r  t h a n  i n  E q u a t i o n  ( I - 7 ) ,  t h e  c a p t u r e  ra te  i n  E q u a t i o n  (1-9)  
i s  l i m i t e d  t o  r e g i o n  n .  It c a n  be  shown, o f  c o u r s e ,  t h a t  t h e  
g l o b a l  b r e e d i n g  r a t i o  B% i s  t h e  sum of  t h e  r e g i o n  b r e e d i n g  
r a t i o s  BRn, such  t h a t  
'n c a n  a l s o  b e  any zone of  a  r e g i o n .  
I.2.b. The Region Conversion Ratio KRn 
Analogously to the region breeding ratio BRn, a region con- 
version ratio K4 can be defined for each individual region as 
n 
The difference between Equation (1-11) and Equation (1-9) 
is in the fissile absorption rate, which in Equation (1-11) is 
restricted to the particular region n. 
The relationship between KRn and B% can be easily shown to 
be the following: 
1.2.c. The Global Breeding Ratio B% Expressed in Terms of 
Global Nuclear Parameters 
The previous equations are given in terms of reaction rates, 
which are normally determined by detailed criticality and/or 
burriup calculations. Since such calculations cannot always be 
performed, it is desirable to develop an equation of the global 
breeding ratio B% in terms of more fundamental and universal 
parameters. Okrent (1964) has suggested such an equation, given 
as 
with a as the capture-to-fission ratio of the fissile fuel, and 
v and v' as the neutrons released per fission in the fissile and 
fertile materials, respectively. From a physics point of view, 
this equation provides more information about the influence of 
the relevant nuclear parameters on B%, assuming the behavior of 
the parameters to be known. The applicability of this equation 
is, however, limited by the unfavorable normalization of the 
variables P, L, etc., which in this case are normalized to the 
neutron absorption in the fissile fuel. 
A similar equation is derived in Appendix 1.A: 
with qi = (vF)~/< . The parameters in this equation are 
normalized according to Equations (1-4) and (1-8); they are 
referred to as g l o b a l  n u c l e a r  p a r a m e t e r s .  These parameters, 
which are more widely applicable than those in Equation (I-141, 
can be used as reference parameters for comparing FBRs of dif- 
ferent designs. Equation (1-15) is convenient for parametric 
sensitivity studies because it allows one to assess the effect of 
design changes on these parameters, and thus on B%. For ex- 
ample, the influence on B% of increasing the radial blanket 
thickness can be easily determined, since an additional row of 
blanket elements can be shown to affect primarily P. A re- 
liable estimate of B% can be obtained this way without detailed 
burnup calculations. A region-dependent equation similar to 
Equation (1-15) is derived in Appendix I.A. 2. 
I. 2.d. The Global Breeding Gain GN and the Region Breeding 
Gain Gn 
The breeding ratios defined above refer to the ratio of 
fissile fuel produced by means of fertile capture to the fissile 
f u e l  l o s t  a s  a  r e s u l t  of neutron abso rp t i cn .  A more r e l e v a n t  
parameter a s  r ega rds  t h e  f i s s i l e  f u e l  u t i l i z a t i c n  of t h e  r e a c t o r  
(FBR)  i s  t h e  breeding ga in  G t h a t  d e s c r i b e s  t h e  a c t u a l  s u r p l u s  
of f i s s i l e  f u e l  produced. 
Two d e f i n i t i o n s  of  t h e  breeding  ga in  should be d i f f e r e n t i -  
a t e d .  According t o  t h e  s t anda rd  d e f i n i t i o n ,  t h e  breeding  ga in  
i s  normalized t o  t h e  t o t a l  f i s s i l e  f u e l  consumed, i . e .  
- Excess f i s s i l e  mater ia ; l  produced BG - T o t a l  f i s s i l e  m a t e r i a l  consumed . 
The d e f i n i t i o n  more r e l e v a n t  i n  t h i s  c o n t e x t  (Adkins 1 9 7 2 )  is  
t h e  breeding g a i n  normalized t o  t h e  f i s s i o n  r a t e ,  o r  t h e  t o t a l  
power produced: 
G = Excess f i s s i l e  m a t e r i a l  produced Power of r e a c t o r  produced ( f i s s i o n  r a t e )  
I n  t e r m s  of  r e a c t i o n  r a t e s .  BGN is  given by 
- c;: - 4 BGN - = (B%-1)  , 
and t h e  g l o b a l  breeding  ga in  r e l e v a n t  i n  t h i s  c o n t e x t  a s  
w i t h  
I n  g e n e r a l ,  r e f e r e n c e  t o  a  s u r p l u s ,  o r  breeding g a i n ,  of 
I f i s s i l e  f u e l  i s  only  made i f  c . ~  > O f  o r  C; > %. A more e x p l i c i t  
d e r i v a t i o n  of GN i s  der ived  i n  Appendix 1 . 8 . 1 :  
T h i s  e q u a t i o n  c a n  be e x p r e s s e d  i n  t h e  more u s e f u l  form i n  
terms o f  t h e  fundamenta l  global neutron parameters. 
cN and (l+a)i are d e r i v e d  i n  Appendix 1.8, E q u a t i o n s  (1.B-9) t o  
(1.B-11). 
Analogously  t o  t h e  r e g i o n - r e l a t e d  b r e e d i n g  r a t i o  BRn and t h e  
c o n v e r s i o n  r a t i o  K R n ,  a r e g i o n - r e l a t e d  b r e e d i n g  g a i n  Gn c a n  be 
d e r i v e d  (Appendix I. B. 3) such  t h a t  
o r  i n  t h e  more u s e f u l  form as  
En, 6 n f  and (l+a); a r e  d e f i n e d  i n  Appendix 1.8.2. E q u a t i o n  (1-22) 
i s  p a r t i c u l a r l y  s i g n i f i c a n t  f o r  t h e  r a d i a l  b l a n k e t  a s s e s s m e n t s  
i n  C h a p t e r  11. Moreover,  it c a n  b e  shown t h a t  
The b r e e d i n g  g a i n  gm o f  s e v e r a l  r e g i o n s  m c a n  be d e r i v e d  s imilar-  
l y  as gn,  s e e  Appendix I.B.2. 
1 . 3 .  INCORE PARAMETERS OF A SINGLE-REGION REACTOR 
WITHOUT FAST FISSION ( e . g .  HTR, LWR) 
The e q u a t i o n s  r e f e r r e d  t o  i n  S e c t i o n  1 .2  r e l a t e  t o  m u l t i -  
r e g i o n  r e a c t o r s  w i t h  f a s t  f i s s i o n ,  e . g .  t h e  FBR. S i m i l a r  r e l a -  
t i o n s  c a n  be d e r i v e d  f o r  t h e  HTR and /or  t h e  LWR. These  r e a c t o r  
t y p e s  d i f f e r  from t h e  FBR i n  t h e  f o l l o w i n g  two ways: 
-- Both t h e  HTR and t h e  LWR can  be d e s c r i b e d  by means 
- 
o f  s i n g l e - r e g i o n  e q u a t i o n s ,  i . e .  N = 1 . 
-- F a s t  f i s s i o n  i n  t h e  HTR and /o r  LWR does  n o t  make any 
s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  o v e r a l l  n e u t r o n  pro-  
d u c t i o n ,  i . e .  ( v F ) ~  " 0 . 
I f  t h e s e  p r o p e r t i e s  a r e  t a k e n  i n t o  accoun t ,  t h e  r e l a t i o n s  i n  
S e c t i o n  1 . 2  c an  be reduced  t o  t h e  e q u a t i o n s  d i s c u s s e d  i n  t h e  
f o l l o w i n g .  Reac to r  t y p e s  w i t h  such  p r o p e r t i e s  normal ly  e x h i b i t  
b r e e d i n g  o r  c o n v e r s i o n  r a t i o s  o f  less t h a n  1 .0 .  T h e r e f o r e ,  it 
i s  c o n v e n i e n t  t o  i n t r o d u c e  t h e  d e s i g n a t i o n  CR f o r  t h e  c o n v e r s i o n  
r a t i o s  o f  such  reactor t y p e s ,  i n  o r d e r  t o  d i f f e r e n t i a t e  them 
c l e a r l y  from t h e  r e g i o n  dependen t  FBR c o n v e r s i o n  r a t i o s  K R  which 
n  
w e r e  d e f i n e d  i n  Equa t i on  (1-1 1 ) . 
I . 3 . a .  The Convers ion R a t i o  CR 
The c onve r s ion  r a t i o  i s  e x p r e s s e d  i n  t e r m s  of  r e a c t i o n  r a t e s ,  
i n  a s i m i l a r  way a s  i s  t h e  g l o b a l  b r e e e d i n g  r a t i o  i n  E q u a t i o n s  
(1-2)  and (1-7) : 
i n  t h e  case of t he rma l  r e a c t o r s  C; i s  u s u a l l y  s m a l l e r  t h a n  4. 
CR may a g a i n  be i n t e r p r e t e d  a s  a po in t - i n - t ime  o r  burnup c y c l e -  
averaged  r e l a t i o n .  
A more u n i v e r s a l  e q u a t i o n  o f  CR i n  t e r m s  o f  t h e  fundamenta l  
g l o b a l  n u c l e a r  p a r a m e t e r s ,  s imi la r  t o  Equa t ion  (1-15) f o r  t h e  FBR, 
i s  i n d e p e n den t l y  d e r i v e d  i n  Appendix I . C . l :  
wi th  
P i s  t h e  t o t a l  p a r a s i t i c  neu t ron  l o s s  d e f i n e d  i n  Equat ion (1-5) .  
One could  a l s o  have d e r i v e d  Equat ion (1-25) from Equat ion (1-15) 
J 
s e t t i n g  F = 0. Equat ion (1-25) i s  e s s e n t i a l  t o  t h e  HTR f u e l  
c y c l e  assessments  d e s c r i b e d  i n  Chapter  111. 
1.3.b. The F i s s i l e  Fue l  Demand D 
I n  g e n e r a l ,  one o n l y  speaks  o f  a b reed ing  g a i n  o r  s u r p l u s  
o f  f i s s i l e  f u e l  i f  BRN o r  CR i s  l a r g e r  t h a n  1 .0 .  I n  HTRs 
o r  LWRs, t h e  convers ion  r a t i o  i s  normal ly  less t han  1.0 and,  
t h e r e f o r e ,  a demand f o r  f i s s i l e  f u e l  is  a s s o c i a t e d  w i t h  t h e s e  
r e a c t o r s .  This  demand D ,  d e f i n e d  s i m i l a r l y  as g a i n  GN, i s  
normal ized w i t h  r e s p e c t  t o  t h e  t o t a l  f i s s i o n  rate: 
Demand D: 
Demand f o r  f i s s i l e  f u e l  
= T o t a l  f i s s i o n  r a t e  i n  t h e  r e a c t o r  
o r ,  as i s  shown i n  g r e a t e r  d e t a i l  i n  Appendix I.c.2, as 
w i t h  ( 1  + a ) '  d e f i n e d  i n  Equa t ion  ( 1 - 2 7 ) .  
I .  4 .  FBR AND HTR EXCORE PARAMETERS 
So f a r  t h e  r e l e v a n t  r e l a t i o n s  have been d e r i v e d  i n  t e r m s  o f  
n e u t r o n  r e a c t i o n  r a t e s  and g l o b a l  n u c l e a r  and n e u t r o n  pa rame te r s .  
These e q u a t i o n s  a r e  g e n e r a l l y  used t o  a s s e s s  t h e  n u c l e a r  cha rac -  
t e r i s t i c s  o f  d i f f e r e n t  r e a c t o r  t y p e s .  
I n  o r d e r  t o  de t e rmine  t h e  a c t u a l  mass f l o w  o f  f i s s i l e  f u e l  
i n t o  and o u t  of t h e  r e a c t o r ,  t h e  r e l e v a n t  e q u a t i o n s  of  t h e  pre-  
v i o u s  s e c t i o n s  must  be m u l t i p l i e d  by a f a c t o r  W ,  t h e  f i s s i l e  
mass f i s s i o n e d  p e r  u n i t  ene rgy  r e l e a s e d .  The above e q u a t i o n s  
are t h e r e b y  t r ans fo rmed  i n t o  m a s s  b a l a n c e  e q u a t i o n s .  I n  add i -  
t i o n ,  t h e  l o s s e s  o f  f i s s i l e  f u e l  i n c u r r e d  i n  t h e  r e p r o c e s s i n g  and 
f a b r i c a t i o n  s t e p s  o f  t h e  e x c o r e  r e a c t o r  f u e l  c y c l e  must a l s o  be 
t aken  i n t o  account .  
I . 4 . a .  The Breed ing  Gains  gN,  g n I  gN ,  and g: of  t h e  FBR 
The i n c o r e  b r e e d i n g  g a i n ,  e x p r e s s e d  i n  t e r m s  of  e x c e s s  
f i s s i l e  f u e l  mass p e r  u n i t  energy  g N I i s  o b t a i n e d  by m u l t i p l y i n g  
GN by $, such t h a t :  
WE i s  g i v e n  by 
where Q: i s  t h e  energy  r e l e a s e d  p e r  u n i t  weight  of  t h e  f i s s i l e  
i s o t o p e s  I i n  r e g i o n  n ,  and 6 n  i s  d e f i n e d  i n  Appendix I.B.2 a s  
t h e  power f r a c t i o n  of  r e g i o n  n. 
I n  o r d e r  t o  account  f o r  t h e  f i s s i le  f u e l  l o s s e s  i n c u r r e d  i n  
t h e  excore  a c t i v i t i e s  one must cons ide r  t h e  f i s s i l e  f u e l  i n c o r e  
i n v e n t o r i e s  I and t h e  f u e l  r e s i d e n c e  t i m e  T. I f  t h e  FBR excore  
F l o s s  f r a c t i o n  i s  d e s i g n a t e d  V , t h e  g l o b a l  exco re  breed ing  
g a i n  gi becomes 
w i t h  In be ing  t h e  f i s s i l e  i nven to ry  i n  r e g i o n  n ,  and Tn t h e  
cor responding  r e s i d e n c e  t i m e .  
The excore  b reed ing  g a i n  of a  s i n g l e  r e g i o n  n  o r  of  s e v e r a l  
r e g i o n s  m can be shown t o  be 
w i th  gn g iven  by Equat ion ( 1 - 2 2 )  and t h e  cor responding  form of 
Equat ion (1-31 ) . Likewise ,  
m 
where g m =  1 gn 
n  
I.  4.b. The F i s s i l e  Fue l  Demands d  and dV of t h e  HTR 
A s  w i t h  t h e  FBR, t h e  i n f l u e n c e  o f  t h e  ( r e p r o c e s s i n g ,  re- 
f a b r i c a t i o n )  l o s s e s  i n  t h e  excore  c y c l e  must a l s o  be t aken  i n t o  
c o n s i d e r a t i o n  i n  t h e  case of t h e  HTR. The i n c o r e  demand f o r  
f i s s i l e  f u e l  normal ized t o  t h e  power gene ra t ed  i s  7 iven  by 
where WH is given similarly as in Equation (1-32) for N = 1, and 
D by Equation (1-30) . If excore losses vH are considered, the 
result is 
where dV is the elccore f i s s i l e  f ue l  demand of the HTR after 
deduction of reprocessing and other losses. 
These mass balance equations are particularly important in 
Chapter IV, in which the fuel utilization of a symbiotic FBR/HTR 
system is analysed, and for Chapter V, determining the uranium 
ore demand for various reactor strategy scenazios. 
CHAPTER 11. THORIUM I N  THE FBR 
1 1 . 1 .  INTRODUCTION 
The g o a l  of  f a s t  b r eede r  r e a c t o r  (FBR) development i s  t h e  
implementation of an economic, s a f e ,  and envi ronmenta l ly  accep t -  
a b l e  energy sou rce  t h a t  p rov ides  a p r a c t i c a l l y  i n e x h a u s t i b l e  
energy supply  by optimum u t i l i z a t i o n  of t h e  uranium r e s o u r c e s  
a v a i l a b l e .  Among a l l  t h e  f i s s i o n  r e a c t o r s  c u r r e n t l y  under de- 
velopment and c o n s i d e r a t i o n ,  on ly  t h e  FBR o f f e r s  t h e  p rospec t  
of  s e r v i n g  as a  long-range,  i n e x h a u s t i b l e  energy supply  system. 
By means of t h e  breed ing  p roces s ,  t h e  FBR produces  more f i s s i l e  
f u e l  t han  it consumes whi le  g e n e r a t i n g  power. Th i s  e x c e s s  f i s -  
s i l e  f u e l  can t h e n  be used e i t h e r  as i n i t i a l  f i s s i l e  f u e l  inven- 
t o r y  f o r  s t a r t i n g  up a d d i t i o n a l  FBRs, o r  a s  f i s s i l e  f u e l  supply  
f o r  o t h e r ,  nonbreeding,  r e a c t o r  t y p e s .  
E a r l y  i n  t h e  development of FBRs it w a s  recognized t h a t  t h e  
u se  o f  t h e  uranium c y c l e  (U238/Pu239) i n  t h e  FBR i s  c l e a r l y  su-  
p e r i o r  t o  t h a t  o f  t h e  thorium c y c l e  (Th232/U233) as r e g a r d s  
f i s s i l e  and f e r t i l e  f u e l  u t i l i z a t i o n .  Such c o n s i d e r a t i o n s  have 
l e d  t o  t h e  p r e s e n t  FBR d e s i g n  whose c o r e  r e g i o n  i s  f u e l e d  wi th  
t h e  ( f e r t i l e )  U238 and ( f i s s i l e )  Pu239 i s o t o p e s  and whose a x i a l  
and r a d i a l  b l a n k e t  r e g i o n s  are both  f u e l e d  w i t h  U238. The f u e l  
m a t e r i a l s  chosen a r e  Pu02/U02 and U 0 2 ,  r e s p e c t i v e l y .  
Th i s  c h a p t e r  s e r v e s  t o  a s s e s s  t h e  performance of an FBR i n  
which t h e  f e r t i l e  i s o t o p e  U238 i n  t h e  r a d i a l  b l a n k e t  i s  r ep l aced  
by t h e  f e r t i l e  i s o t o p e  Th232. The f u e l s  i n  t h e  c o r e  r eg ion  
(Pu02/U02) and i n  t h e  a x i a l  b l a n k e t  r e g i o n  ( U 0 2 )  are assumed t o  
remain unchanged, and t h e  f u e l  m a t e r i a l  f o r  t h e  r a d i a l  b l a n k e t  
i s  assumed t o  be e i t h e r  ThoZ o r  ~h~ ( thor ium m e t a l ) .  The d i f -  
f e r e n c e s  between t h e s e  r a d i a l  b l a n k e t  c o n f i g u r a t i o n s  a r e  com- 
pared t o  t h e  U 0 2  b l a n k e t ,  and t h e i r  impact on t h e  performance of 
t h e  FBR i s  examined w i t h  r e s p e c t  t o  t h e  g l o b a l  b reed ing  r a t i o ,  t h e  
b r e e d i n g  c h a r a c t e r i s t i c s  o f  t h e  r a d i a l  b l a n k e t s ,  t h e  f i s s i l e  f u e l  
i n v e n t o r y ,  t h e  sodium v o i d  c o e f f i c i e n t ,  and o t h e r  p a r a m e t e r s  p e r -  
t a i n i n g  t o  r e a c t o r  o p e r a t i o n .  
The r e l a t i v e  m e r i t s  o f  u s i n g  e i t h e r  t h e  U238/Pu239 c y c l e  o r  t h e  
Th232/U233 c y c l e  i n  t h e  FBR were a s s e s s e d  i n  a number o f  ear l ier  
i n v e s t i g a t i o n s .  (They i n c l u d e  s t u d i e s  by Loewenste in  and Okren t  
1958, Okren t  e t  a l .  1965,  Hankel e t  a l .  1962,  Loewenste in  and 
Blumenthal  1965,  A l l e n  e t  a l .  1966, and S o f e r  e t  a l .  1963. )  
T h e i r  main f o c u s  w a s  on t h e  u s e  o f  t h e  Th232/U233 c y c l e  i n  t h e  
c o r e  zones .  One o f  t h e  ea r l i e s t  s t u d i e s  o n  t h i s  t o p i c  by Loewen- 
s t e i n  and Okrent  ( '1958) c o n s i d e r e d  s m a l l  metallic s p h e r i c a l  re- 
a c t o r  c o r e s ,  and t h e  b r e e d i n g  r a t i o s  c a l c u l a t e d  w e r e  1 . 2  t o  1 . 4  
f o r  t h e  thor ium c y c l e  and 1 . 4  t o  1.7 f o r  t h e  uranium c y c l e .  I n  a 
l a t e r  s t u d y  w i t h  r e v i s e d  c r o s s  s e c t i o n s  O k r e n t  e t . a l .  (1965)  
showed t h a t ,  w i t h  r e g a r d  t o  t h e  b r e e d i n g  r a t i o ,  t h e  t h o r i u m  c y c l e  
was even more d i s a d v a n t a g e o u s  t h a n  t h e  uranium c y c l e .  
Hankel e t  a l .  (1962)  conducted  a n  e x t e n s i v e  i n v e s t i g a t i o n  
i n t o  t h e  u s e  o f  Th232/U233 i n  t h e  FBR. I t  became clear  from 
t h i s  s t u d y  t h a t  t h e  s h o r t e s t  d o u b l i n g  t i m e  and t h e  l o w e s t  f u e l  
c y c l e  c o s t s  were t o  b e  a c h i e v e d  w i t h  c a r b i d e  f u e l .  The r e s u l t s ,  
among o t h e r s ,  w e r e  t h e  f o l l o w i n g :  
-- S h o r t e r  d o u b l i n g  t i m e s  a r e  o b t a i n e d  w i t h  t h e  U238/ 
Pu239 c y c l e .  
-- The f u e l  c y c l e  c o s t s  are lower w i t h  t h e  U238/Pu239 
c y c l e .  
-- The sodium v o i d  c o e f f i c i e n t  i s  n e g a t i v e  f o r  t h e  Th232/ 
U233 c y c l e ,  b u t  p o s i t i v e  f o r  t h e  U238/Pu239 c y c l e .  
-- The Th232/U233 c y c l e  r e q u i r e s  a t  l eas t  50% more e x c e s s  
r e a c t i v i t y  t h a n  t h e  uranium c y c l e .  
Loewenste in  and Blumenthal  (1965)  and A l l e n  e t  a l .  (1966)  
emphasized t h e  improved s a f e t y  c o e f f i c i e n t s  a r i s i n g  from t h e  u s e  
o f  t h o r i u m  i n  t h e  c e n t r a l  zones  o f  t h e  c o r e  o f  l a r g e  LMFBRs. 
T h i s  a d v a n t a g e  w a s  a s c r i b e d  t o  t h e  lower sodium v o i d  c o e f f i c i e n t  
w i t h  thor ium i n  t h e  c o r e  zones .  
S o f e r  e t  a l .  (1963)  conduc ted  a d e t a i l e d  s t u d y  s t r e s s i n g  
t h e  s a f e t y  a s p e c t s  o f  t h e  t h o r i u m  c y c l e  f o r  a c a r b i d e - f u e l e d  
sys tem.  They p o i n t e d  o u t  t h e  f o l l o w i n g  problems:  
the increase in reactivity in the core after shutdown 
due to the decay of Pa233 to U233, 
the smaller fraction of delayed neutrons for the thorium 
system (0.003 as compared to 0.004 for the U238/Pu239 
cycle), which is explained by the significantly lower 
contribution of fast fission in Th232, 
the larger excess reactivity requirement in the core 
region, which is due to the delay of U233 formation 
(the half-life of Pa233 is 27.4 days). 
All these assessments of the use of the Th232/~233 cycle in 
the FBR core region led to the conclusion that, due to its higher 
fissile inventory and much lower breeding ratio, the thorium cycle 
is considerably less attractive for the FBR than the uranium cycle. 
For current LMFBR designs, the global breeding ratio B s  would be- 
come less than 1.0. These studies had been mainly motivated by 
the lower sodium void coefficient attainable with the thorium cycle. 
A number of Soviet investigations (Leipunskii et al. 1965 
and 1971, Batyrebekov et al. 1964) considered a mixed uranium/ 
thorium cycle in FBR core zones. Leipunskii et al. (1965) opti- 
mized an LMFBR using Th232 as fertile fuel in the radial blanket 
and a mixture of Pu239, U233, and U238 in the core zones. In 
the authors' opinion, the breeding ratio of such a system ap- 
proaches that of a U238/Pu239 system. Their calculations also 
showed a relatively low U232 buildup in the blanket region. 
(U232 is an undesired by-product since it leads to considerable 
shielding problems in U233 refabrication.) 
Batyrebekov et al. (1964) used BR-1 experiments to study 
the contribution of an infinitely thick thorium-metal blanket to 
the breeding ratio. Calculations showed that the breeding ratio 
for the ~h~ blanket was approximately 20% less than that for an in- 
finitely thick uranium-metal blanket. This difference was ascribed 
to the different fast fission contributions in the radial blankets. 
The report did not provide any other details about the capture 
and fission rates obtained. 
In a more recent study, Leipunskii et al. (1971 exam- 
ined a number of different configurations with thorium blankets 
o n l y .  The work c e n t e r e d  around t h e  i n f l u e n c e  of  t h e  i s o t o p i c  
compos i t ion  i n  t h e  c o r e  on t h e  s a f e t y  and on t h e  power d e n s i t y  
d i s t r i b u t i o n  i n  t h e  c o r e  zones .  Here,  t o o ,  combina t ions  of 
U238, U233, and Pu239 c y c l e s  proved t o  be  o p t i m a l  sys tems .  ~n 
o p t i m a l  Pu239 and U233 i s o t o p e  d i s t r i b u t i o n  was shown t o  reduce  
t h e  maximum r a d i a l  form f a c t o r s  i n  t h e  c o r e  zones  from app rox i -  
ma t e ly  1 .8  t o  app rox ima te ly  1 .2 .  These s t u d i e s  demons t rz ted  t h e  
S o v i e t  i n t e r e s t  i n  u s i n g  Th232 i n  t h e  FBR r a d i a l  b l a n k e t .  
More r e c e n t  s t u d i e s  have d e a l t  w i t h  t h e  c o u p l i n g  o f  t h e  
f i s s i l e  f u e l  c y c l e s  o f  t w o  r e a c t o r  t y p e s ,  t h e  c rossed-progeny  
c y c l e  ( f o r  example, Lang 1968 and 1969, Wenzel 1971,  and B r o g l i  
and S c h u l t z  1974 ) .  The c o n s i d e r a t i o n s  were based  on t w o  or  more 
r e a c t o r s  t h a t  m u t u a l l y  exchange f i s s i l e  material. Lang (19.68 and 
1969) i n v e s t i g a t e d  c o u p l i n g  t h e  f i s s i l e  c y c l e s  of  a n  LMFBR and 
o f  a  PWR w i t h  a ha rd  n e u t r o n  spect rum.  I n  t h e  PWR, U238/U233 i s  
used  a s  f u e l ,  and t h e  c o n v e r t e d  Pu239 is  t r a n s f e r r e d  t o  t h e  
LMFBR. The LMFBR b r e e d s  U233 i n  t h e  r a d i a l  b l a n k e t  and i n  t h e  
i n t e r n a l  b r e e d i n g  zone (LMFBR d e s i g n  by A l l i s  Chalmer, 1 9 6 4 ) .  
Lang w a s  o f  t h e  o p i n i o n  t h a t  because  o f  t h i s  reactor c o n f i g u r a t i o n  
LWRs might  be  phased o u t  e a r l y  i n  t h e  n e x t  c e n t u r y .  
Wenzel (1971)  i n v e s t i g a t e d  a s i m i l a r  PWR and LMFBR r e a c t o r  
c o n f i g u r a t i o n .  H i s  r e s u l t s  can  be summarized a s  f o l l o w s :  
-- The f u e l  c y c l e  c o s t s  of  t h e  PWR can  be  reduced  by approx- 
i m a t e l y  10% t o  30%,  w i t h  t h e  FBR f u e l  c y c l e  costs remain-  
i n g  ' app rox ima te ly  t h e  same. 
-- The PWR-LMFBR r e a c t o r  c o n f i g u r a t i o n  can  s l i g h t l y  reduce  
t h e  s e p a r a t i v e  work r e q u i r e m e n t s  expec t ed  f o r  t h e  1980s.  
B r o g l i  and S c h u l t z  (1974)  s t u d i e d  t h e  economic a s p e c t s  of  
c o u p l i n g  t h e  c y c l e s  o f  a  GCFBR-HTGR sys tem.  They conc luded  t h a t  
t h e  f u e l  c y c l e  c o s t s  o f  such  a c o n f i g u r a t i o n  a r e  l i t t l e  i n f l u e n c e d  
by uranium and p lu ton ium p r i c e s .  
Wood and D i s c r o l l  (1973)  conduc ted  an  e x t e n s i v e  i n v e s t i g a t i o n  
i n t o  t h e  economic a s p e c t s  o f  r a d i a l  and a x i a l  thor ium o x i d e  b l an -  
k e t s .  They c a l c u l a t e d  an  advan t age  i n  f u e l  c y c l e  c o s t s  o f  up t o  
30% f o r  a  r a d i a l  thor ium b l a n k e t  a s  compared t o  a uranium b l a n k e t ,  
assuming a f a v o r a b l e  U233 p r i c e  (16.7  d o l l a r s / g r a m )  a s  compared 
t o  t h e  Pu239 p r i c e  (10.0  d o l l a r s / g r a m ) .  T h e i r  burnup c a l c u l a t i o n s ,  
l i k e  t h o s e  i n  t h e  p r e c e d i n g  s t u d i e s ,  were based  on r e l a t i v e l y  o l d  
c r o s s - s e c t i o n  sets,  such a s  t h e  ABBN n u c l e a r  d a t a  se t  (Abagjan 
1 9 6 4 ) .  
T h i s  c h a p t e r  i s  meant t o  p r o v i d e  a  comprehensive  and d e t a i l e d  
comparison of f i s s i l e  f u e l  u t i l i z a t i o n  i n  d i f f e r e n t  r a d i a l  thor ium 
(Tho2 and ~ h ~ )  b l a n k e t s  and a uranium b l a n k e t  (U02) ,  on  t h e  b a s i s  
o f  r e v i s e d  c r o s s  s e c t i o n s .  S i n c e  u n c e r t a i n t i e s  i n  t h e  v a r i o u s  
c o s t  a s sump t ions  s t i l l  p r e v a i l ,  t h e  economic a s p e c t s  have  been 
viewed as s u b o r d i n a t e  t o  t h e  f u e l  economic a s p e c t s  and a r e  t h e r e -  
f o r e  n o t  c o n s i d e r e d  h e r e .  
1 1 . 2 .  GENERAL REMARKS ON THE PROPERTIES OF 
A RADIAL BLANKET 
The b l a n k e t s  ( a x i a l  o r  r a d i a l )  o f  an  FBR have t w o  p r i n c i p a l  
f u n c t i o n s .  They p r i m a r i l y  s e r v e  a s  e f f i c i e n t  n e u t r o n  r e f l e c t o r s ,  
b a c k s c a t t e r i n g  i n t o  t h e  c o r e  r e g i o n  t h e  n e u t r o n s  e s c a p i n g  from 
i t ,  t h e i r  s econda ry  f u n c t i o n  i s  t o  b reed  f i s s i l e  f u e l  by absorb-  
i n g  t h e  n o n b a c k s c a t t e r e d  n e u t r o n s  i n  t h e  f e r t i l e  f u e l  of t h e  
b l a n k e t s .  
The e f f e c t i v e n e s s  o f  a b l a n k e t  i n  f u l f i l l i n g  t h e s e  t w o  
f u n c t i o n s  depends  l a r g e l y  on t h e  n u c l e a r  and ,  t o  some e x t e n t ,  
material p r o p e r t i e s  o f  t h e  n u c l e a r  f u e l  employed, i .e. on t h e  
t y p e s  o f  f i s s i l e  and f e r t i l e  i s o t o p e s  and on t h e  chemica l  compo- 
s i t i o n  of  t h e  f u e l  material ( o x i d e ,  c a r b i d e ,  or m e t a l ,  e t c . ) .  
The f i s s i l e  and f e r t i l e  i s o t o p e s  r e l e v a n t  t o  t h i s  s t u d y  a r e  
U233 and Pu239, and Th232 and U238, r e s p e c t i v e l y ,  and t h e  r e l e v a n t  I 
f u e l  m a t e r i a l s  a r e  U 0 2 ,  Tho2 , and ~ h ~ .  
T h i s  i n v e s t i g a t i o n  f o c u s e s  on t h e  b r e e d i n g  c h a r a c t e r i s t i c s  
o f  t h e  v a r i o u s  r a d i a l  b l a n k e t s .  Such an  a s se s smen t  r e q u i r e s  
a n a l y s i s  of  t h e  v a r i o u s  f a c t o r s  t h a t  i n f l u e n c e  and govern  r a d i a l  
b r eed ing .  These f a c t o r s  c an  be  made t r a n s l u c e n t  i f  t h e  b u i l d u p  
o f  f i s s i l e  f u e l  i n  t h e  r a d i a l  b l a n k e t  r e g i o n  i s  unde r s tood  i n  
t e r m s  o f  t h e  n e u t r o n  economy of  t h e  b l a n k e t .  (The gain, 
o r  b u i l d u p ,  of  f i s s i l e  f u e l  i s  h e r e  d e f i n e d  a s  t h e  d i f f e r e n c e  
between t h e  p r o d u c t i o n  o f  f i s s i l e  f u e l  due  t o  n e u t r o n  c a p t u r e  
by f e r t i l e  f u e l  minus t h e  l o s s  o f  f i s s i l e  f u e l  due  t o  n e u t r o n  
a b s o r p t i o n  by f i s s i l e  f u e l . )  
One can  d o  t h i s ,  f o r  example,  by l ook ing  a t  t h e  number of 
n e u t r o n s  a v a i l a b l e  f o r  a b s o r p t i o n  i n  t h e  b l a n k e t ,  and where t h e s e  
n e u t r o n s  o r i g i n a t e .  There  a r e  two s o u r c e s  of n e u t r o n s  f o r  t h e  
b l a n k e t  r e g i o n :  t h e  l e akage  n e u t r o n s  s c a t t e r i n g  i n t o  t h e  b l a n k e t  
r e g i o n  from t h e  c o r e  r e g i o n  ( t h e s e  a r e  t h e  n o n b a c k s c a t t e r e d  neu- 
t r o n s  r e f e r r e d  t o  a b o v e ) ,  and t h e  f i s s i o n - i n d u c e d  s e l f - g e n e r a t e d  
n e u t r o n s  o r i g i n a t i n g  i n  t h e  b l a n k e t .  T h e i r  t o t a l  makes up t h e  
sum o f  n e u t r o n s  a v a i l a b l e  i n  t he  b l a n k e t .  Under t h e  assumpt ion  
t h a t  a l l  t h e s e  n e u t r o n s  a r e  c a p t u r e d  i n  t h e  f e r t i l e  f u e l  of 
t h e  b l a n k e t ,  the  production of  f i s s i l e  f u e l  i s  c l e a r l y  d i r e c t l y  
p r o p o r t i o n a l  t o  t h e  t o t a l  number of  n e u t r o n s  a v a i l a b l e .  
N o t  a l l  o f  t h e  n e u t r o n s  a v a i l a b l e  i n  t h e  b l a n k e t  a r e  u t i l -  
i z e d  i n  t h e  b r e e d i n g  p r o c e s s ,  however. Some of  them a r e  l o s t  by 
p a r a s i t i c  p r o c e s s e s .  (The n e u t r o n s  absorbed  by t h e  s t r u c t u r a l  
material of t h e  b l a n k e t  and of  t h e  n e u t r o n s  l e a k i n g  i n t o  t h e  r a -  
d i a l  r e f l e c t o r  a r e  r e f e r r e d  t o  a s  p a r a s i t i c  n e u t r o n  l o s s e s . )  The 
e x t e n t  of f i s s i l e  f u e l  buildup i s  t h u s  a l s o ,  t o  some d e g r e e ,  i n -  
f l u e n c e d  by such  p a r a s i t i c  l o s s e s .  
The d i s c u s s i o n  h a s  c o n c e n t r a t e d  on t h e  FBR r a d i a l  b l a n k e t  
t h u s  f a r .  A s  t h e  r a d i a l  b l a n k e t  r e g i o n  i s  o n l y  one  i n  t h r e e  reac- 
t o r  r e g i o n s ,  it i s  a l s o  i n t e r e s t i n g  t o  compare i t s  impor tance  rel- 
a t i v e  t o  t h e  o t h e r  r e a c t o r  r e g i o n s ,  t h e  c o r e  and t h e  a x i a l  b l a n k e t .  
Tab le  1 1 . 1 ,  l i s t i n g  t h e  condensed n e u t r o n  b a l a n c e  d i s t r i -  
b u t i o n  of  t h e  FBR d e s i g n  i n v e s t i g a t e d  h e r e ,  i l l u s t r a t e s  on t h e  
one hand t h e  r e l a t i v e  s i g n i f i c a n c e  o f  t h e  c o r e  l e akage  n e u t r o n s ,  
t h e  f i s s i o n - i n d u c e d  s e l f - g e n e r a t e d  r a d i a l  b l a n k e t  n e u t r o n s ,  and 
t h e  p a r a s i t i c  n e u t r o n  l o s s e s  i n  t h e  b l a n k e t ,  and on t h e  o t h e r  
hand t h e  r o l e  of t h e  r a d i a l  b l a n k e t  w i t h  r e s p e c t  t o  t h e  o t h e r  
r e a c t o r  r e g i o n s .  
I n  t h e  e q u i l i b r i u m  burnup c o n d i t i o n  o f  t h e  c o r e  and t h e  
b l a n k e t s ,  100 n e u t r o n s  a r e  produced t h roughou t  t h e  r e a c t o r  due  
t o  f i s s i o n ;  85 o f  them a r e  g e n e r a t e d  i n  t h e  c o r e  r e g i o n ,  and 
15 i n  t h e  b l a n k e t  r e g i o n s ;  1 0  of t h e  l a t t e r  o r i g i n a t e  i n  t h e  
a x i a l  b l a n k e t ,  and 5 i n  t h e  r a d i a l  b l a n k e t .  
Table  1 1 . 1 .  ~ i s t r i b u t i o n  of  n e u t r o n  p r o d u c t i o n  and n e u t r o n  l o s s e s  
i n  t h e  v a r i o u s  FBR r e g i o n s  ( e q u i l i b r i u m  burnup cond i -  
t i o n ) .  
- - p~ p- - ~p - 
FBR r e g i o n s  Los se s  P r o d u c t i o n  
Core  zones  69 85 
A x i a l  b l a n k e t  18 10 
R a d i a l  b l a n k e t  9  5  
Ref l e c t o r  1 - 
Leakage ( t o t a l )  3  - 
The g r e a t e s t  m a j o r i t y  of t h e s e  100 n e u t r o n s  i s  absorbed  i n  
t h e  r e a c t o r ,  and o n l y  a  s m a l l  f r a c t i o n  ( 3 )  i s  l o s t  due  t o  l e akage  
from t h e  r e a c t o r  ( r e f l e c t o r  l e a k a g e ) .  69 o f  t h e  t o t a l  100 a r e  
absorbed  i n  t h e  c o r e  r e g i o n ,  l e a v i n g  a n e t  s u r p l u s  o f  1  6 c o r e  
1  
n e u t r o n s  (85-69) t h a t  s c a t t e r  i n t o  t h e  b l a n k e t  r e g i o n s  . These  
n e u t r o n s ,  r e p r e s e n t i n g  a b o u t  19% o f  t h e  n e u t r o n s  g e n e r a t e d  i n  
t h e  c o r e  r e g i o n ,  are r e f e r r e d  t o  as c o r e  l e a k a g e  n e u t r o n s ,  o r  
l e a k a g e  n e u t r o n s .  
Ten o f  t h e  16 l e a k a g e  n e u t r o n s  ( 6 2 % )  d i f f u s e  i n t o  t h e  
a x i a l  b l a n k e t ,  and o n l y  s i x  (38%) l e a k  i n t o  t h e  r a d i a l  b l a n k e t .  
( T h i s  a x i a l  l e a k  p r e f e r e n c e  can  be  a s c r i b e d  t o  t h e  low H / D  3. 
3 
r a t i o  o f  t h i s  FBR . )  Thus a t o t a l  o f  11  n e u t r o n s  r ema ins  f o r  
a b s o r p t i o n  i n  t h e  radial  b l a n k e t ,  s i x  o f  which (55%)  are c o r e  
l e a k a g e  n e u t r o n s ,  and f i v e  ( 4 5 % )  o r i g i n a t e  i n  t h e  b l a n k e t  i t s e l f .  
For a  r a d i a l  b l a n k e t  i n  e q u i l i b r i u m  burnup c o n d i t i o n ,  t h i s  i m -  
p l i e s  a b o u t  e q u a l  c o n t r i b u t i o n s  of  c o r e  l e akage  n e u t r o n s  and 
s e l f - g e n e r a t e d  n e u t r o n s .  T h i s  d i s t r i b u t i o n ,  of  c o u r s e ,  changes  
w i t h  t h e  burnup c o n d i t i o n  o f  t h e  r a d i a l  b l a n k e t .  
I n  t h e  a c t u a l  c a s e ,  more t h a n  16 n e u t r o n s  l e a k  i n t o  t h e  b l a n k e t s .  
Most o f  them, however, a r e  b a c k s c a t t e r e d  i n t o  t h e  c o r e  r e g i o n  
( a b o u t  70-80%, see d i s c u s s i o n  i n  S e c t i o n  I I . 7 . a ) .  The 16 n e u t r o n s  
n 
r e f e r r e d  t o  above r e p r e s e n t  a  n e t  l e akage .  
L ~ e i g h t  o  d i a m e t e r  r a t i o .  
3 
J A more d e t a i l e d  d i s c u s s i o n  o f  t h e  i n f l u e n c e  o f  t h e  H / D  r a t i o  
f o l l o w s  i n  S e c t i o n  I I . 7 . a .  
Of t h e  11 n e u t r o n s  a v a i l a b l e  f o r  a b s o r p t i o n  i n  t h e  r a d i a l  
b l a n k e t ,  o n l y  n i n e  (80-85%) a r e  a c t u a l l y  absorbed  t h e r e ;  t h e  re- 
maining two a r e  pe rmanen t ly  l o s t  i n t o  t h e  r a d i a l  r e f l e c t o r ,  where 
t h e y  a r e  e i t h e r  ab so rbed  o r  l o s t  due t o  r e f l e c t o r  l e akage .  These 
two n e u t r o n s  a r e  r e p r e s e n t a t i v e  o f  t h e  p a r a s i t i c  n e u t r o n  l o s s e s  
of  t h e  r a d i a l  b l a n k e t .  
The impor tance  o f  t h e  r a d i a l  b l a n k e t  w i t h  r e s p e c t  t o  t h e  
o t h e r  r e a c t o r  r e g i o n s  can  be  i n f e r r e d  from t h e  f a c t  t h a t  o n l y  
n i n e  o u t  o f  a  t o t a l  o f  100 n e u t r o n s  a r e  absorbed  t h e r e .  A s  f a r  
a s  n e u t r o n  a b s o r p t i o n  i s  concerned ,  t h e  r a d i a l  b l a n k e t  i s  t h u s  
of o n l y  l i m i t e d  s i g n i f i c a n c e .  I t  can  t h e r e f o r e  be  e x p e c t e d  t h a t  
d i f f e r e n t  f e r t i l e  o r  f i s s i l e  f u e l s  and f u e l  m a t e r i a l s  i n  t h e  
r a d i a l  b l a n k e t  r e g i o n  w i l l  have no major  impac t  on t h e  o v e r a l l  
r e a c t o r  performance.  
The b u i l d u p  of  f i s s i l e  f u e l  i n  t h e  r a d i a l  b l a n k e t  h a s  been 
shown t o  be  governed p r i m a r i l y  by t h e  n e u t r o n  l e a k a g e  i n t o  and 
t h e  n e u t r o n  g e n e r a t i o n  i n  t h e  b l a n k e t .  A t  a  l a te r  p o i n t ,  n e u t r o n  
l e a k a g e  w i l l  be shown t o  be  p r i m a r i l y  de t e rmined  by t h e  geome t r i c  
FBR d e s i g n  e x p r e s s e d  by t h e  H/D r a t i o ,  and by t h e  n e u t r o n  r e f l e c -  
t i v e  p r o p e r t y ,  o r  a l b e d o  6, o f  t h e  r a d i a l  b l a n k e t  f u e l  material.  
A f a v o r a b l e  H / D  r a t i o  and a s m a l l  f3 g e n e r a l l y  imply a  l a r g e  neu- 
t r o n  l e a k a g e  i n t o  t h e  radial  b l a n k e t .  
The e x t e n t  o f  n e u t r o n  g e n e r a t i o n  i n  t h e  b l a n k e t  i s  de t e rmined  
by i t s  f e r t i l e  f i s s i o n  and f i s s i l e  f i s s i o n .  Both f i s s i o n  p roce s -  
ses release e x c e s s  n e u t r o n s ,  which a r e  a g a i n  u t i l i z e d  i n  t h e  
b r e e d i n g  p r o c e s s .  A l a r g e  f a s t - f i s s i o n  c o n t r i b u t i o n  i n  t h e  r a -  
d i a l  b l a n k e t  w i l l  t h e r e f o r e  enhance  i t s  b r e e d i n g  p o t e n t i a l .  
A l a r g e  p r o d u c t i o n  of  f i s s i l e  f u e l ,  governed by t h e s e  param- 
e te rs ,  however, d o e s  n o t  n e c e s s a r i l y  co r r e spond  t o  a l a r g e  b u i l d -  
up,  o r  g a i n ,  of  f i s s i l e  f u e l  s i n c e  p a r t  of  t h e  f i s s i l e  f u e l  b u i l t  
up i n  t h e  b l a n k e t  i s  consumed, o r  l o s t  due  t o  f i s s i l e  n e u t r o n  
a b s o r p t i o n .  A l a r g e  l o s s  o f  f i s s i l e  f u e l  w i l l  t h e r e f o r e  keep t h e  
b u i l d u p  low. 
A r a d i a l  b l a n k e t  w i t h  t h e  f o l l o w i n g  p r o p e r t i e s  would e x h i -  
b i t  a  l a r g e  b u i l d u p  o f  f i s s i l e  f u e l :  
-- smal l  a lbedo  B , 
-- 
i high n r  of bred  f i s s i l e  f u e l ,  
-- sma l l  a b s o r p t i o n  c r o s s  s e c t i o n  of  bred f i s s i l e  f u e l  
-- l a r g e  c a p t u r e  c r o s s  s e c t i o n  of f e r t i l e  f u e l  
(ocfert ) r e  
The l a s t  c o n d i t i o n  a s s u r e s  t h a t  most o f  t h e  neu t rons  
a v a i l a b l e  i n  t h e  r a d i a l  b l a n k e t  a r e  a c t u a l l y  u t i l i z e d  i n  t h e  
breeding  p r o c e s s  and n o t  l o s t  by some p a r a s i t i c  neu t ron  l o s s  
process .  
Not a l l  of t h e s e  p r o p e r t i e s ,  which a r e  f a v o r a b l e  t o  a l a r g e  
bu i ldup  of  f i s s i l e  m a t e r i a l  i n  t h e  r a d i a l  b l a n k e t ,  a r e  a c t u a l l y  
advantageous. t o  t h e  r e a c t o r  as a whole. 
i For example, a  h igh  n r ,  a s m a l l  ( u a  fiss) and a  l a r g e  
r t  
(o iert) g e n e r a l l y  improve t h e  g l o b a l  r e a c t o r  performance. 
A small b l a n k e t  a lbedo  B ,  however, i m p l i e s  an enhanced neut ron  
leakage from a  r e g i o n  o f  h igh  r e a c t i v i t y  worth i n t o  one of r e -  
l a t i v e l y  low r e a c t i v i t y  worth ,  r e s u l t i n g  i n  a n e t  dec rease  i n  
r e a c t i v i t y .  Th i s  r e a c t i v i t y  l o s s  must b e  compensated f o r  by an 
i n c r e a s e  i n  t h e  f i s s i l e  f u e l  enr ichment  i n  t h e  c o r e  r e g i o n ,  s o  
t h a t  s u f f i c i e n t  burnup r e a c t i v i t y  i s  mainta ined .  The r e s u l t i n g  
h ighe r  f i s s i l e  f u e l  i nven to ry ,  on t h e  o t h e r  hand, i s  n o t  a de- 
s i r a b l e  f e a t u r e  s i n c e  it t e n d s  t o  i n c r e a s e  t h e  doubl ing  t i m e  
of  t h e  r e a c t o r .  
Blanket  c h a r a c t e r i s t i c s  a p p a r e n t i y  conducive t o  b reed ing  I 
i n  t h e  b l a n k e t ,  t h e r e f o r e ,  do  n o t  n e c e s s a r i l y  e x e r t  a f a v o r a b l e  
i n f l u e n c e  on t h e  r e a c t o r  as a whole. 
The re fo re ,  i n  o r d e r  t o  assess t h e  impact o f  t h e  v a r i o u s  
r a d i a l  b l a n k e t s ,  i .e .  U 0 2 ,  Tho2, o r  ~ h ~ ,  on FBR performance,  
it i s  necessa ry  t o  compare n o t  on ly  t h e  parameters  governing 
t h e  breeding  c h a r a c t e r i s t i c s  o f  a  r a d i a l  b l a n k e t  b u t  a l s o  t h e  
g l o b a l  r e a c t o r  parameters .  Both groups of parameters  depend on 
t h e  r a d i a l  b l a n k e t  f u e l  m a t e r i a l s .  For an o v e r a l l  a s se s smen t ,  
one must examine i n  p a r t i c u l a r  t h e  fo l lowing  r e a c t o r  c h a r a c t e r i s t i c s :  
-- changes i n  r e a c t i v i t y  k  
e f f  ' 
-- changes i n  f i s s i l e  f u e l  enrichment and f i s s i l e  f u e l  
i nven to ry  I ,  
-- changes i n  r a d i a l  b reed ing  r a t i o  BRr and r a d i a l  
b reed ing  g a i n  G r ,  
changes i n  g l o b a l  b reed ing  r a t i o  B% and g l o b a l  
b reed ing  g a i n  GN, 
changes i n  t h e  d i s t r i b u t i o n  o f  r e g i o n  breed ing  r a t i o s  
BR and r e g i o n  breed ing  g a i n s  G n ,  
n  
t h e  e f f e c t i v e  bu i ldup  of  f i s s i l e  f u e l  i n  a  g iven  
b l a n k e t ,  
t h e  power c o n t r i b u t i o n  of r a d i a l  b l a n k e t s ,  
max 
t h e  maximum l i n e a r  rod power X t 
t h e  bu i ldup  of  U232 i n  t h e  thorium b l a n k e t s ,  
t h e  r e a c t i v i t y  worth o f  Pa233 i n  t h e  thor ium b l a n k e t s ,  
t h e  i n f l u e n c e  of  t h e  v a r i o u s  b l a n k e t s  on t h e  Na vo id  
c o e f f i c i e n t .  
Such an a n a l y s i s  r e q u i r e s  d e t a i l e d  n u c l e a r  burnup c a l c u l a -  
t i o n s ,  focus ing  on t h e  r a d i a l  b l a n k e t  of a  r e p r e s e n t a t i v e  power 
r e a c t o r .  This  i s  t h e  o b j e c t i v e  of t h e  fo l lowing  s e c t i o n s .  
11.3 .  MATERIAL PROPERTIES OF U02, Tho2, and Th METAL 
The b a s i c  m a t e r i a l  d a t a  of some n u c l e a r  f u e l s  a r e  compiled 
i n  Table  1 1 . 2 .  Of i n t e r e s t  he re  i s  a  comparison between U02, 
Tho2, and Th me ta l .  Regarding i t s  heavy-metal d e n s i t y .  Tho2 has  
a  s l i g h t  d i s advan tage  of 8 .7% w i t h  r e s p e c t  t o  U02; y e t ,  on account  
of i t s  h ighe r  m e l t i n g  tempera ture  ( 3 2 9 0 ~ ~  f o r  Tho and 2 7 5 0 ~ ~  f o r  2 '  
UO ) and i t s  somewhat b e t t e r  t he rma l  c o n d u c t i v i t y ,  h ighe r  maximum 2 
l i n e a r  rod  powers w i t h  t h e o r e t i c a l  upper l i m i t s  of  1000 w/cm a r e  
a t t a i n a b l e  f o r  Tho2, a s  compared t o  approximately  650 w/cm f o r  
U 0 2 .  Tho2 i r r a d i a t i o n  p r o p e r t i e s  i n  FBR neu t ron  s p e c t r a  a r e  
expec ted  t o  be s i m i l a r  t o  t h o s e  of UO 2 ' 
Because of i t s  h igh  d e n s i t y ,  U meta l  would be a  good r e -  
f l e c t o r  o r  t h e  i d e a l  FBR b l a n k e t  m a t e r i a l .  However, due t o  
a n i s o t r o p i c  expansion under neu t ron  i r r a d i a t i o n ,  U meta l  e x h i b i t s  
a  ve ry  unfavorab le  burnup behav io r ,  which i s  a t t r i b u t e d  t o  i t s  
Table 11.2. Properties of nuclear fuel materials. 
Th U Pu Tho2 
"O2 Pu02 ThC U C PuC 
Theoretical density 3 (g/cm ) 11.6 19.0 19.0 10.04 10.96 11.46 10.6 13.63 13.60 
Metal density 3 (g/cm ) 1 1 6  19.0 19.0 9.14 9.68 10.12 10.08 12.97 13.0 
Melting point (OC ) 1749 1132 650 3290 2750 2280 2625 2350 1650 
Thermal conductivity 
(6OO0C) (w/crn0c) 0.45 0.37 0.04 0.04 0.035 0.02 0.25 0.23 
Phase trans ition (OC) 665 1375 775 
Lattice structure FCC orthorhombic 
or thorhombic  l a t t i c e  s t r u c t u r e .  I t  is  main iy  f o r  t h i s  r z a s o n  
t h a t  U m e t a l  i s  n o t  a  s u i t a b l e  f u e l  m a t e r i a l  i n  power r e a c t o r s .  
Th m e t a l ,  on t h e  o t h e r  hand,  d o e s  n o t  have  t h e s e  u n f a v o r a b l e  
p r o p e r t i e s .  Because o f  i t s  body-centered  c u b i c  l a t t i c e  s t r u c t u r e ,  
it expands  i s o t r o p i c a l l y  under  i r r a d i a t i o n  and (as r e p o r t e d  i n  
Olsen  1966 and Bundschuh 1972) h a s  v e r y  good i r r a d i a t i o n  p r o p e r -  
t i e s  f o r  t h e  burnup r a n g e  ( u p  t o  10 ,000 ~ W d / t )  r e l e v a n t  t o  r a d i a l  
b l a n k e t s .  I n  a d d i t i o n ,  i t s  m e l t i n g  p o i n t  i s  much h i g h e r  t h a n  
t h a t  o f  U m e t a l .  More i m p o r t a n t ,  however,  i s  t h e  c o n s i d e r a b l y  
h i g h e r  t e m p e r a t u r e  a t  which Th m e t a l  undergoes  a phase  change.  
I t  i s  137S0c, as compared t o  66S0c f o r  U m e t a l .  On t h e  b a s i s  o f  
t h e  v e r y  h i g h  t h e r m a l  c o n d u c t i v i t y  K(T) o f  Th m e t a l ,  which d i f f e r s  
by a f a c t o r  o f  1 0  compared t o  U 0 2  and ThoZ, a  v e r y  h i g h  l i n e a r  
r o d  power4 o f  a p p r o x i m a t e l y  800 W/cm, and t h u s  h i g h  power d e n s i -  
t i e s  c a n  b e  a c h i e v e d .  T h i s  makes Th m e t a l  a n  i n t e r e s t i n g  f u e l  
f o r  FBRs r e q u i r i n g  h i g h  power d e n s i t i e s .  
These few p o i n t s  s e r v e  t o  i l l u s t r a t e  t h a t  Tho2 and Th 
m e t a l  have m a t e r i a l  p r o p e r t i e s  t h a t  a r e  a s  f a v o r a b l e  a s ,  
and i n  some r e s p e c t s  even  s u p e r i o r  t o ,  t h o s e  o f  U02. The u s e  
o f  Tho2 o r  Th m e t a l  as FBR b l a n k e t  m a t e r i a l  i s  t h e r e f o r e  n o t  
e x p e c t e d  t o  be r e s t r i c t e d  on a c c o u n t  o f  t h e i r  m a t e r i a l  p r o -  
p e r t i e s .  
1 1 . 4 .  DESCRIPTION OF THE FBR INVESTIGATED 
G e n e r a l  Elec t r i c ' s  d e s i g n  o f  a  1000 MF7(e) o x i d e  LMFBR i s  
used  a s  r e f e r e n c e  r e a c t o r  ( G e n e r a l  E l e c t r i c  1 9 6 8 ) .  I t  w a s  se- 
l e c t e d  b e c a u s e  o f  t h e  e x t e n s i v e  documenta t ion  a v a i l a b l e  on re- 
s u l t s  o f  d e t a i l e d  burnup c a l c u l a t i o n s ,  which h e l p e d  t h e  a u t h o r  
check t h e  computer  c o d e s  and n u c l e a r  c r o s s - s e c t i o n  l i b r a r i e s  used .  
The b a s i c  r e a c t o r  d a t a  o f  t h i s  LMFBR a r e  compi led  i n  T a b l e  
11 .3 .  F i g u r e  1 1 . 1  i n d i c a t e s  t h e  r e a c t o r  d i m e n s i o n s ,  t h e  p a r t i -  
t i o n i n g  o f  t h e  v a r i o u s  r e a c t o r  r e g i o n s  i n t o  burnup z o n e s ,  and 
' l i n e a r  r o d  power x = 4i l  rmaX K(T) d t ;  Tmax = maximum c e n t r a l  
Is 
t e m p e r a t u r e ;  TS = s u r f a c e  t e m p e r a t u r e .  
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* t f o r  m e t r i c  t o n  i s  u s e d  t h r o u g h o u t  t h i s  p a p e r .  
t h e  c o r r e spond ing  volume f r a c t i o n s  of f u e l  w, s t r u c t u r a l  m a t e r i a l  
p, , and c o o l a n t  a .  Reference  i s  t o  be made h e r e  i n  advance t o  t h e  
volume f r a c t i o n  of  s t r u c t u r a l  and c l a d d i n g  m a t e r i a l  i n  t h e  c o r e  
r e g i o n  which,  i n  t h e  l i g h t  o f  t h e  p r e s e n t  s t a t e  o f  t h e  a r t ,  a p p e a r s  
t o o  low. The Gene ra l  E l e c t r i c  r e s u l t s ,  e s p e c i a l l y  w i t h  r e g a r d  t o  
t h e  b r e e d i n g  r a t i o ,  s h o u l d  n o t  t h u s  b e  compared t o  r e p r e s e n t a t i v e  
v a l u e s  of more r e c e n t  LMFBR d e s i g n s ,  i n  which t h e  volume f r a c t i o n  
o f  s t r u c t u r a l  m a t e r i a l  i n  t h e  c o r e  r e g i o n  i s  20-22%, i n s t e a d  o f  
t h e  15% assumed h e r e .  The b r e e d i n g  r a t i o  c a l c u l a t e d  h e r e  i s ,  
t h e r e f  o r e ,  h i g h e r  t h a n  t h e  v a l u e s  o b t a i n e d  f o r  l a r g e  oxide-f  u e l e d  
LMFBRs of c u r r e n t  d e s i g n  of  B s  = 1.20.  S i n c e  t h e  pr ime purpose  
o f  t h i s  i n v e s t i g a t i o n  i s  t o  compare t h e  i n f l u e n c e  o f  d i f f e r e n t  
r a d i a l  b l a n k e t s  on  FBR performance,  emphasis  shou ld  be on t h e  
r e l a t i v e  r e s u l t s - - e s p e c i a l l y  a s  r e g a r d s  t h e  g l o b a l  b r e e d i n g  r a t i o  
B s - - r a t h e r  t h a n  on  t h e  a b s o l u t e  v a l u e s  c a l c u l a t e d .  I t  shou ld  be  
expe c t ed  t h a t  t h e  r e l a t i v e  r e s u l t s  a r e  a l s o  a p p l i c a b l e  t o  FBRs of a 
more r e c e n t  d e s i g n  w i t h  comparable  H/D r a t i o s .  
Fur the rmore ,  ment ion shou ld  be  made of  t h e  r a t h e r  o p t i m i s t i c  
maximum l i n e a r  rod power of 550 N/cm assumed h e r e ,  which i s  a  t e c h -  
n o l o g i c a l  g o a l  o f  t h e  f u t u r e .  T h i s  h i g h  v a l u e  e x p l a i n s  t h e  rela- 
t i v e l y  h igh  power d e n s i t y  of  580 kW(th) p e r  l i t e r ,  and t h u s  t h e  
v e r y  low f i s s i l e  i n v e n t o r y  of  t h e  ox ide - fue l ed  LJIFBR d e s i g n  con- 
s i d e r e d  h e r e .  
I I .  5 .  NUCLEAR CROSS SECTIONS 
T h i s  i s  a  s h o r t  d e s c r i p t i o n  o f  t h e  n u c l e a r  c r o s s - s e c t i o n  
l i b r a r y  and t h e  p rocedu re  used t o  g e n e r a t e  t h e  few-group c r o s s -  
s e c t i o n  sets f o r  t h e  burnup c a l c u l a t i o n s  i n  t h i s  s t u d y .  
I I . 5 . a .  Comparisons o f  Mul t ig roup  Cros s  S e c t i o n s  Based on 
t h e  ENDF/B-I11 F i l e  
The ENDF/B-111 29 g roup  c o n s t a n t  set  (Kidman and S c h e u t e r  
1 9 7 1 )  h a s  been used as n u c l e a r  l i b r a r y  f o r  t h e  burnup c a l c u l a t i o n s .  
F i r s t ,  t h e  29 g roups  were c o l l a p s e d  i n t o  26 g roups ,  s o  t h a t  t h e  
d a t a  set became c o m p a t i b l e  w i t h  t h e  NUSYS computer  code sys tem 
(Hobel and ~ u s . c h k e  1966)  f o r  f a s t  b r e e d e r  c a l c u l a t i o n s ,  a v a i l a b l e  
a t  t h e  Nuc lea r  Research Cen t e r  K a r l s r u h e  (KFK) , P.R.3. Then, 
F i g u r e  11 .2 .  Comparison o f  of (U233) /of (Pu239) from t h e  ENDF/B- 
I11 g r o u p  c o n s t a n t  se t  (Kidman and S c h e u t e r  1971) 
and v a l u e s  measured by Gwin e t  a l .  (1 976) . 
t h e  ENDF/B-I11 and KFK-INR ( K i e f h a b e r  1972) c r o s s - s e c t i o n  sets w e r e  
compared by way o f  c r i t i c a l i t y  c a l c u l a t i o n s  on a U02-Pu02 f u e l e d  
f a s t  c r i t i c a l  a s sembly  (SNEAK) (P.McGrath, p e r s o n a l  communicat ion,  
KFK, 1 9 7 3 ) .  The r e s u l t s  showed good agreement  between t h e  c r o s s -  
s e c t i o n  sets w i t h  r e s p e c t  t o  t h e  U238 and Pu i s o t o p e s .  T h i s  w a s  
t o  be  e x p e c t e d  s i n c e  t h e  c r o s s  s e c t i o n s  o f  t h e s e  i s o t o p e s  had 
c o n t i n u a l l y  been r e v i s e d  and upda ted  f o r  t h e  p a s t  d e c a d e .  The 
r e l i a b i l i t y  of t h e  Th232 and U233 c r o s s  s e c t i o n s  i n  ENDF/B-I11 
c o u l d  n o t  be  v e r i f i e d  i n  a s imi la r  manner s i n c e ,  f o r  t h e s e  i s o -  
t o p e s ,  t h e  KFK-INR se t  c o n t a i n s  d a t a  f rom t h e  o r i g i n a l  ABBN set 
(Abagjan 1 9 6 4 ) .  I t  w a s  f e l t ,  however,  t h a t  t h e  r e l i a b i l i t y  o f  
t h e  t h o r i u m  c r o s s - s e c t i o n  d a t a  i n  ENDF/B-I11 i s  comparable  t o  
t h a t  o f  t h e  U238 and Pu d a t a  o f  t e n  y e a r s  a g o ,  i n  p a r t i c u l a r  as 
r e g a r d s  t h e  i n e l a s t i c  s c a t t e r i n g  c r o s s  s e c t i o n  o f  Th232. 
More r e c e n t  d a t a  on U233 and Pu239 p u b l i s h e d  by Gwin e t  a l .  
(1976)  show g e n e r a l l y  good agreement  w i t h  t h e  U233 a b s o r p t i o n  
d a t a  from ENDF/B-111 (see F i g u r e  1 1 . 2 )  i n  t h e  r e l e v a n t  e n e r g y  
range. More recent Th232 foil irradiations performed in the 
radial blanket of SNEAK (W. Scholtyssek, personal communication, 
KFK, 1975) also show good agreement (5%) between the Th232 cap- 
ture rates calculated with ENDF/B-I11 and the values measured, 
whereas a deviation of 15% to 20% was found with the ABBN set. 
This satisfactory agreement allows the conjecture that the Th232 
and U233 data contained in ENDF/B-111 are sufficiently accurate 
for the present investigation. This in particular applies to the 
present assessment, where the Th232 and U233 isotopes are 
located in a reactor region of only moderate importance (see 
Section 11.2). However, the reliability of the cross sections 
of these isotopes becomes more significant if the radial blanket 
region assumes a more important role (e.g. in gas-cooled FBRs, 
see discussion in Section II.7.a), or if these isotopes are used 
as fuel in the FBR core region. 
In evaluating the breeding properties of different radial 
blankets, it is imperative to compare the relevant cross sections 
of the fertile isotopes Th232 and U238 and the fissile isotopes 
U233 and Pu239. Table 11.4 contains such an energy group-depen- 
dent comparison for the unshielded microscopic capture and 
fission cross sections of Th232 and U238, and Table 11.5 lists 
the corresponding shielded cross sections of the oxide blankets 
investigated here. Table 11.6 compares the unshielded U233 data 
with the corresponding Pu239 data. The effect of self-shielding 
of the fissile isotope is shown to be negligible in the blankets. 
Table 11.7 shows the differences between the shielded Th232 
cross sections of a Tho2 and of a Th-metal radial blanket. Some 
of these data are plotted in Figures 11.3 and 11.4. Comparing 
the data leads one to observe the following: 
-- Th232 has a considerably higher capture cross section 
than U238 (by -30%) in the energy region above 60 keV. 
-- The fast-fission cross section of U238 is larger, by 
approximately a factor of 4, than that of Th232. 
-- The fission cross section of U233 is decisively above 
that of Pu239 for the energy range below 1 MeV, in- 
creasing quite considerably with decreasing energy. 
T a b l e  1 1 . 4 .  C o m p a r i s o n  b e t w e e n  unshieZded microscopic c a p t u r e  
a n d  f i s s i o n  cross sect ions  of T h 2 3 2  a n d  U238 
(ENDF/B-111) . 
E n e r g y  Upper < a c >  ( b a r n s )  T h 2 3 2  < a f > .  ( b a r n s )  U238 
group E n e r g y  
T h 2 3 2  U238 U238 T h 2 3 2  U238 T h 2 3 2  
1 . 3 5  . I 4 1 8  . I 2 0 8  
. 8 2 1  . 1 7 7 4  . I 2 5 8  
. 4 9 8  . I 7 8 4  . I 1 6 9  
. 3 0 2  . I 8 3 7  . I 3 4 6  
. I 8 3  . 2 1 8 4  . I 6 9 8  
. I 1 1  . 2 9 0 3  . 2 1 5 5  
6 7 . 4  keV . 3 8 2 9  . 3 3 8 6  
4 0 . 8  . 4 5 2 5  . 4 4 4 4  
2 5 . 5  . 5 7 1 6  . 5 6 7 1  
1 5 . 0  . 7 0 4 7  . 7 0 3 4  
9 . 1 1  . 8 6 3 3  . 8 6 2 4  
5 . 5 3  1 . 0 7 3  1 . 0 6 5  
3 . 3 5  1 . 3 8 8  1 . 2 9 6  
2 . 8 4  1 . 5 2 7  1 . 3 8 5  
2 . 4 0  1 . 6 0 2  1 . 4 9 2  
2 . 0 3  2 . 1 5 4  1 . 7 7 7  
1 . 2 3  2 . 1 6 3  2 . 9 1 6  
7 4 8  eV 4 . 3 5 3  3 . 6 0 6  
4 5 4  7 . 1 0  2 0 . 3 1  
2 7 5  1 8 . 5 6  5 2 . 9 6  
6  1  1 0 . 2 2  2 9 . 1 6  
t h e r m a l  
T a b l e  1 1 . 5 .  C o m p a r i s o n  b e t w e e n  s h i e l d e d  m i c r o s c o p i c  c a p t u r e  and 
f i s s i o n  cross sect ions  of T h 2 3 2  and U238 i n  oxide 
r a d i a l  b l a n k e t s  (ENDF/B-111).  
E n e r g y  Upper f c < a c >  ( b a r n s )  ~ h 2 ~ ~  f  f < a f >  ( b a r n s )  ~ 2 3 8  
g r o u p  e n e r g y  
T h 2 3 2  U238 U238 T h 2 3 2  U238 T h 2 3 2  
- ~- - 
1  1 0 . 0 0  MeV . 0 1 1 4  
2  6 . 0 5  . 0 2 0 7  
3  3 . 6 8  . 0 3 9 9  
4  2 . 2 3  . 0 7 8 0  
5  1 . 3 5  . I 4 1 8  
6  . 8 2 1  . I 7 7 4  
7  . 4 9 8  - 1 7 8 7  
8 . 3 0 2  . I 8 3 7  
9  . I 8 3  . 2 1 8 4  
1 0  . I 1 1  . 2 9 0 3  
11  6 7 . 4  keV . 3 7 7 4  
1 2  4 0 . 8  . 4 4 7 8  
1 3  2 5 . 5  - 5 4 1 3  
1 4  1 5 . 0  . 6 4 2 4  
1 5  9 . 1 1  . 7 5 7 6  
1 6  5 . 5 3  . 8 7 9 0  
1 7  3 . 3 5  1 . 1 6 7 7  
1 8  2 . 8 4  1 . 1 2 7 9  
1 9  2 . 4 0  1 . 0 9 4 7  
2 0  2 . 0 3  1 . 0 9 3 0  
2 1  1 . 2 3  0 . 9 9 6 2  
2 2  7 4 8  eV  1 . 1 6 0 4  
2  3 4 5 4  1 . 2 3 8 0  
2 4  2 7 5  1 . 6 4 3 5  
2 5  6  1  1 . 0 1 5 1  
26  t h e r m a l  
f c ,  f f  are e n e r g y  g r o u p  d e p e n d e n t  s h i e l d i n g  fac tors  
Table 11.6. Comparison between u 7 l s h i e Z d e d  microscopic capture 
and fission cross sections of- U233 and Pu239 
(ENDF/B-111) . 
Energy Upper <ac> (barns) U233 <of> (barns) U233 
group energy 
U233 Pu239 Pu239 U233 Pu239 Pu239 
1 10.00 MeV .0008 .0653 0.012 2.1292 2.0247 1.052 
2 6.05 .0017 .0018 0.944 1.6703 1.7082 0.978 
3 3.68 .0069 .0038 1.816 1.9012 1.9452 0.977 
4 2.23 .0218 .0097 2.247 1.9222 2.0084 0.957 
5 1.35 .0590 .0243 2.428 1.8550 1.7517 1.059 
6 .821 .I183 .0762 1.553 1.9187 1.6308 1.177 
7 .498 .I669 .I399 1.193 2.0742 1.5551 1.334 
8 ,302 ,2024 .I957 1.034 2.1806 1.4933 1.460 
9 .I83 .2258 ,2275 0.993 2.2462 1.5405 1.458 
10 .I11 -2424 -2697 0.899 2.3126 1.6323 1.417 
1 1  67.4 keV .3752 .3629 0.758 2.5668 1.7021 1.508 
12 40.8 ,3258 .5507 0.592 3.0032 1.7413 1.725 
13 25.5 .3943 ,7676 0.514 3.6187 1.8154 1.993 
14 15.0 ,4918 1.0670 0.461 4.3703 1.9820 2.205 
15 9.11 -6391 1.5951 0.401 5.2419 2.2489 2.331 
16 5.53 -8925 2.2416 0.398 6.2375 2.6585 2.346 
17 3.35 1.1760 2.7015 0.435 7.1640 3.3635 2.130 
18 2.84 1.3910 2.9281 0.475 7.8160 3.6319 2.152 
19 2.40 1.6360 3.7320 0.438 8.6440 2.7830 3.106 
2 0 2.03 -2.3160 3.5729 0.648 10.0440 4.6701 2.151 ' 
2 1 1.23 3.5360 4.6767 0.756 11.3840 6.3333 1.798 
22 748 eV 4.8440 7.3763 0.657 14.2960 10.3438 1.382 
23 454 3.9900 9.6917 0.412 18.0200 10.7083 1.683 
24 275 6.0160 21.2288 0.283 28.4440 29.7813 0.955 
25 6 1 26.3200 29.4039 0.895 140.0800 41.7361 3.356 
26 thermal 10.9400 0.6276 17.432 93.3600 7.2604 12.859 
Table 11.7. Comparison between s h i s l d z d  microscopic capture 
cross sections of Th232 in Tho2 and Thm radial 
blankets (ENDF/B-111) . 
Energy Upper fc<ac> (barns) 
group energy - Tho2 
22 748 eV 1.1604 0.9384 1.237 
23 454 1.2380 0.9600 1.290 
2 4 275 1.6435 1.3200 1.245 
2 5 6 1 1.0151 0.8560 1.186 
26 therma 1 
fc energy group dependent shielding factor 


-- The c a p t u r e  c r o s s  s e c t i o n  of  U233 i s  l a r g e r  (by  -60%) 
t h a n  t h a t  o f  Pu239 i n  t h e  200 keV-6 MeV e n e r g y  
r a n g e .  
-- There  i s  no s i g n i f i c a n t  d i f f e r e n c e  between t h e  r a t i o s  
o f  t h e  s h i e l d e d  and u n s h i e l d e d  c r o s s  s e c t i o n s  o f  
~ h 2 3 2  t o  U238. 
These c o n s i d e r a b l e  d i f f e r e n c e s  between t h e  b a s i c  c r o s s  
s e c t i o n s  o f  t h e  r e s p e c t i v e  i s o t o p e s  i n  thor ium- and uranium- 
f u e l e d  b l a n k e t s  l e a d  one t o  e x p e c t  r a t h e r  s i g n i f i c a n t  d i s s i m i -  
l a r i t i e s  between t h e i r  b r e e d i n g  as w e l l  as n e u t r o n  r e f l e c t i v e  
p r o p e r t i e s .  
I I . 5 . b .  G e n e r a t i o n  o f  Few-Group C r o s s  S e c t i o n s  f o r  t h e  
Burnup C a l c u l a t i o n s  Performed 
I n  o r d e r  t o  r e d u c e  computer  t i m e  f o r  t h e  burnup cal-  
c u l a t i o n s ,  t h e  26-group c o n s t a n t s  were c o l l a p s e d  i n t o  f o u r  
e n e r g y  g r o u p s  by means o f  t h e  K a r l s r u h e  NUSYS System. The re- 
a c t o r  w a s  p a r t i t i o n e d  i n t o  v a r i o u s  burnup z o n e s ,  as i s  i n d i c a t e d  
i n  F i g u r e  1 1 . 1 .  The c o r e  and a x i a l  b l a n k e t  r e g i o n s  w e r e  d i v i d e d  
i n t o  t h r e e  zones  e a c h ,  and t h e  r a d i a l  b l a n k e t  r e g i o n  i n t o  f o u r  
zones ,  l a b e l e d :  
R e a c t o r  Zone 
Core zones  
1 ,  2 ,  and 3  
D e s i g n a t i o n  
C Z 1 ,  CZ2, and CZ3 
A x i a l  b l a n k e t  z o n e s  AX1, AX2, and AX3 
1 ,  2,  and 3 
R a d i a l  b l a n k e t  zones  
1 ,  2 ,  3 ,  and 4 
r l  , r 2 ,  r 3 ,  and r 4 ,  where R 1  
s t a n d s  f o r  rl  and r 2  and c o r r e -  
sponds  t o  t h e  f i r s t  row o f  b l a n -  
k e t  e l e m e n t s ;  R2 s t a n d s  f o r  r 3  
and r 4  and c o r r e s p o n d s  t o  t h e  
second row o f  b l a n k e t  e l e m e n t s .  
Table 11.8. Spectrum-weighted four-group cross sections of the fertile and fissile isotopes 
in core zone CZ1 and in radial blanket zones rl and r3 (oxide fuel), 
Energy  Core  zone  CZ1 R a d i a l  b l a n k e t  zone  r l  
Group g r o u p  
i n t e r v a l  b238 Th232 Pu239 U233 U238 Th232 Th232* Pu239 0233  U233* 
f <ag> Ataorption ( b a r n s )  
a a 
1  .820-10 M e V  - 4 0 0 0  . I 6 9 5  1 .8783  1 .898  .3921 . I 6 0 3  . I 5 9 3  1 .8774 1 .8964  1 .8977  
2  40.8-820 keV . I 8 2 0  . 2333  1 .8015  2.4116 , 1 8 5 8  .2392 .2332 1.8090 2.4319 2.4163 
3 .7118-40.8 I:eV . 6818  .6474 3.4282 5.1607 .6262  .6499  .5928  3 .6315  5.4187 4.9896 
4  < .748  keV 1.7161 1 ,424  18.492 21.033 1 .1784  1 .2707  -9831  23 .42  23.844 21.754 
ff<a;> F i ~ e i o n  fbalans) 
1  .820-10 MeV .3301 . 0816  1 .8653  1.8681 .3205  .0710 .0661 1.8639 1.8653 1 .8659  
2  40.8-820 keV -0002  - 1.5887 2.2080 .0002 - - 1.5913 2.224 2 .2215  
3  .748-40.8  keV - - 2.1956 4.5203 - - - 2.2871 4.723 4.387 
4  K.748 lreV - - 10 .838  16.2970 - - - 13 .478  18.862 16 .963  
- L 
*Th-metal  b l a n k e t .  

BY means of t h e  1-D d i f f u s i o n  program i n  t h e  NUSYS sys tem,  
t h e  26-group c o n s t a n t s  were  n e u t r o n - f l u x  we igh ted  w i t h  t h e  c o r -  
r e s p o n d i n g  e i g e n s p e c t r u m  f o r  e a c h  i n d i v i d u a l  zone ,  and c o l l a p s e d  
i n t o  f o u r  e n e r g y  g r o u p s .  An i s o t o p i c  compos i t ion-dependen t  f o u r -  
group c r o s s - s e c t i o n  se t  was t h u s  o b t a i n e d  f o r  e a c h  r e a c t o r  zone 
( F i g u r e  1 1 . 1 ) .  T h i s  r e s u l t e d  i n  t h r e e  four -g roup  c r o s s - s e c t i o n  
sets  f o r  t h e  c o r e ,  t h r e e  f o r  t h e  a x i a l  b l a n k e t ,  f o u r  f o r  e a c h  of  
t h e  U02, Tho2, and Th-metal b l a n k e t s ,  and one f o r  t h e  r e f l e c t o r .  
Changes i n  volume f r a c t i o n ,  f u e l  t y p e ,  o r  i s o t o p i c  c o m p o s i t i o n  i n  
any one  o f  t h e  zones  made it n e c e s s a r y  t o  g e n e r a t e  new four -g roup  
c r o s s - s e c t i o n  sets .  These  sets  were g e n e r a t e d  f o r  i s o t o p i c  com- 
p o s i t i o n s  w i t h  t h e  r e a c t o r  i n  e q u i l i b r i u m  burnup c o n d i t i o n .  S t o r -  
ed  on t a p e  i n  a r e t r i e v a b l e  manner,  t h e y  s e r v e d  as i n p u t  d a t a  f o r  
t h e  m u l t i d i m e n s i o n a l  burnup code  C I T A T I O N  (Fowler  1 9 7 1 ) .  
T a b l e  1 1 . 8  r e p r o d u c e s  four -g roup  c r o s s  s e c t i o n s  o f  t h e  most 
i m p o r t a n t  i s o t o p e s  i n  c o r e  zone CZ1 and r a d i a l  b l a n k e t  zones  
r l  and r 3  (see F i g u r e  1 1 . 1 ) .  T a b l e  1 1 . 9  shows t h e  c o r r e s p o n d i n g  
one-group c r o s s  s e c t i o n s .  The i n f l u e n c e  o f  t h e  s o f t e r  n e u t r o n  
spec t rum i n  t h e  b l a n k e t  zones  on t h e  c r o s s  s e c t i o n s  i s  c l e a r l y  
n o t i c e a b l e  from t h e  i n c r e a s e  i n  t h e  b l a n k e t  c r o s s  s e c t i o n s ,  a s  
compared t o  t h o s e  i n  t h e  c o r e  zones .  Regard ing  t h e  o x i d e  b l a n k e t s ,  
f o r  example ,  t h e  a b s o r p t i o n  c r o s s  s e c t i o n  of  U238 i n  r a d i a l  zones  
rl and r 2  i s  l a r g e r  by 1 . 2 %  and 1 8 % ,  r e s p e c t i v e l y ,  t h a n  i n  c o r e  
zone C Z 1 ;  f o r  Pu239 t h e  d i f f e r e n c e s  are 13 .4% and 4 5 . 1 % ,  and f o r  
U233 1 5 . 8 %  and 42 .4%.  Comparisons of  f e r t i l e  f u e l  c r o s s  s e c t i o n s  
show t h e  same t r e n d .  
Comparing t h e  f e r t i l e  and f i s s i l e  i s o t o p e  c r o s s  s e c t i o n s  
f o r  t h e  U02 and Tho2 b l a n k e t s ,  one  o b s e r v e s  t h e  f o l l o w i n g  d i f f e r -  
e n c e s :  
-- a 16% l a r g e r  c a p t u r e  c r o s s  s e c t i o n  g c  of Th232 t h a n  
of U238 i n  r l ,  which d e c r e a s e s  t o  9 . 1 %  i n  r 2 ,  
-- a 35.6% l a r g e r  a b s o r p t i o n  c r o s s  s e c t i o n  a a  of  U233 t h a n  
of Pu239 i n  r l ,  which d e c r e a s e s  t o  30.4% i n  r 2 ;  
Table 11.9. Spectrum-weighted one-group cross sections of 
fertile and fissile isotopes in core zone CZ1 and 
in radial blanket zones rl and r3 for various fuel 
materials. 
Reactor 
zone 
Fuel U238 
material 
" a  ( b a r n s )  
Core 
zone 
cz 1 
Radial 
blanket 
zone rl 
Radial 
blanket 
zone r3 
Core 
zone 
cz 1 
Radial 
blanket 
zone rl 
Radial 
blanket 
zone r3 
m 
and ,  comparing t h e  c r o s s  s e c t i o n s  of t h e  Th b l a n k e t  and t h e  
Tho2 and U 0 2  b l a n k e t s :  
-- I n  r l  o f  t h e  m e t a l  b l a n k e t ,  Th232 shows c a p t u r e  c r o s s  
s e c t i o n s  t h a t  a r e  s m a l l e r  by 19.2% and 6 .3% t h a n  s u c h  
v a l u e s  f o r  Th232 and U238 i n  t h e  o x i d e  b l a n k e t s .  
-- U233 i n  t h e  m e t a l  b l a n k e t  h a s  a n  a b s o r p t i o n  c r o s s  sec- 
t i o n  14.1% l a r g e r  t h a n  Pu239 b u t  16% smaller t h a n  U233 
i n  t h e  o x i d e  b l a n k e t s .  
-- Th232 i n  t h e  m e t a l  b l a n k e t  h a s  a  f a s t - f i s s i o n  c r o s s  
s e c t i o n  22.4% l a r g e r  t h a n  Th232 and 4.17 t i m e s  smaller 
t h a n  U238 i n  t h e  o x i d e  b l a n k e t s .  
From t h e s e  c r o s s - s e c t i o n  d i f f e r e n c e s ,  one may i n f e r  t h a t  t h e  p ro -  
d u c t i o n ,  t h e  l o s s ,  and t h u s  t h e  b u i l d u p  o f  f i s s i l e  f u e l  i n  t h e  
v a r i o u s  r a d i a l  b l a n k e t s  can  be  e x p e c t e d  t o  show t h e  f o l l o w i n g  be- 
h a v i o r  : 
-- a  l a r g e r  p r o d u c t i o n  o f  U233 i n  b o t h  t h e  Tho2 and ~ h ~  
b l a n k e t s  t h a n  o f  Pu239 i n  t h e  U 0 2  b l a n k e t ,  
-- h i g h e r  l o s s e s  o f  U233 due  t o  n e u t r o n  a b s o r p t i o n  i n  b o t h  
t h o r i u m  b l a n k e t s  t h a n  o f  Pu239 i n  t h e  U 0 2  b l a n k e t ,  
-- a h i g h e r  l o s s  o f  U233 i n  t h e  Tho2 b l a n k e t  t h a n  i n  t h e  
~ h ~  b l a n k e t .  
The b u i l d u p ,  i . e .  t h e  d i f f e r e n c e  between p r o d u c t i o n  and 
l o s s e s ,  i s  d i f f i c u l t  t o  a s s e s s  o f f h a n d ,  s i n c e  b o t h  t h e  p r o d u c t i o n  
and l o s s  t e r m s  a r e  l a r g e r  f o r  t h e  t h o r i u m  b l a n k e t s  t h a n  f o r  t h e  
U 0 2  b l a n k e t .  
The above d e d u c t i o n s  a r e  based  on t h e  s u p p o s i t i o n  t h a t  an 
a p p r o x i m a t e l y  e q u a l  number o f  n e u t r o n s  i s  a v a i l a b l e  f o r  absorp-  
t i o n  i n  t h e  t h r e e  d i f f e r e n t  b l a n k e t s .  S i n c e  t h e  v a r i o u s  f u e l  
m a t e r i a l s  a r e  most l i k e l y  t o  have  d i f f e r e n t  albedos--and t h u s  
d i f f e r e n t  c o r e  n e u t r o n  l e a k a g e s  i n t o  t h e  b l a n k e t s - - t h e  above con- 
s i d e r a t i o n s  a r e  s i m p l y  d e d u c t i o n s  based  on t h e  n u c l e a r  d a t a ,  Only 
by d e t a i l e d  burnup c a l c u l a t i o n s  can  t h e  d e s c r i b e d  b e h a v i o r  o f  
t h e  p r o d u c t i o n  and l o s s  o f  f i s s i l e  f u e l  i n  t h e  v a r i o u s  b l a n k e t s  
be v e r i f i e d  and d e t e r m i n e d  e x a c t l y .  
1 1 . 6 .  DESCRIPTION OF THE BURNUP 
CALCULATIONS PERFORMED 
The aim o f  t h i s  i n v e s t i g a t i o n  i s  t o  a s s e s s  t h e  i n f l u e n c e  of  
t h e  d i f f e r e n t  f u e l  m a t e r i a l s  U 0 2 ,  Tho2, and ~ h ~  i n  t h e  r a d i a l  
b l a n k e t  r e g i o n  on t h e  b l a n k e t  b r e e d i n g  p r o p e r t i e s  and on t h e  g lob-  
a l  r e a c t o r  p a r a m e t e r s  o f  t h e  LMFBR. Such a n  a s s e s s m e n t  r e q u i r e s  
two-dimensional  burnup c a l c u l a t i o n s ,  
I I . 6 . a .  R e f e r e n c e  C o n d i t i o n s  
F o r  t h e  burnup c a l c u l a t i o n s ,  t h e  r e a c t o r  r e g i o n s  w e r e  p a r -  
t i t i o n e d  a s  d e s c r i b e d  above ,  and t h e  mesh w i d t h  s e l e c t e d  w a s  5 c m  
i n  t h e  c o r e  zones  and 3  c m  i n  t h e  r a d i a l  b l a n k e t  zones ,  The 
burnup c a l c u l a t i o n s  w e r e  performed a l o n g  t h e  g e o m e t r i c  R and Z 
a x i s  of  t h e  r e a c t o r .  
Among t h e  f i r s t  p o i n t s  t o  c o n s i d e r  was t h e  s p e c i f i c a t i o n  o f  
a  r e p r e s e n t a t i v e  burnup r e f e r e n c e  c o n d i t i o n  f o r  t h e  c o r e  and t h e  
a x i a l  b l a n k e t .  I t  was assumed t o  be  t h e  c o n d i t i o n  when t h e  f u e l  
i s o t o p i c  c o m p o s i t i o n s  i n  t h e  c o r e  and t h e  a x i a l  b l a n k e t  a r e  i n  
e q u i l i b r i u m .  T h i s  c o n d i t i o n  was a t t a i n e d  a f t e r  r e p e a t e d  r e c y -  
c l i n g  and r e f u e l i n g  o f  Pu02/U02 f u e l  i n  t h e  c o r e  and a x i a l  b l a n -  
k e t  r e g i o n s ,  w i t h  U 0 2  a s  r e f e r e n c e  f u e l  i n  t h e  r a d i a l  b l a n k e t  
r e g i o n .  A t  t h e  end o f  e a c h  burnup c y c l e ,  t h e  f u e l  of  t h e  i n n e r  
c o r e  and a x i a l  b l a n k e t  zones  k a s  u n l o a d e d ,  and t h e  f u e l  i n  t h e  
o u t e r  c o r e  and a x i a l  b l a n k e t  zones  was s h u f f l e d  i n t o  t h e  ad-  
j a c e n t  i n n e r  z o n e s ;  o u t e r  zone CZ3 and t h e  c o r r e s p o n d i n g  a x i a l  
b l a n k e t  zones  w e r e  s u p p l i e d  w i t h  f r e s h  f u e l .  A f t e r  t h r e e  burnup 
cyc les - -each  l a s t i n g  f o r  292 f u l l  power d a y s  a t  2420 MW(th)-- 
t h e  f u e l  w a s  removed from t h e  i n n e r  c o r e  and i n n e r  a x i a l  b l a n k e t  
z o n e s ,  and t h e  p l u t o n i u m  r e c o v e r e d  from t h e s e  two r e g i o n s  was 
s u b s e q u e n t l y  mixed and r e c y c l e d  a s  f r e s h  f u e l  i n t o  t h e  o u t e r m o s t  
c o r e  zone CZ3. T h i s  p r o c e d u r e  was c o n t i n u e d  u n t i l  t h e  composi- 
t i o n  Pu-vector  o f  t h e  f u e l  f r e s h l y  c h a r g e d  i n t o  CZ3 a t t a i n e d  
e q u i l i b r i u m .  
With t h e  c o r e  and t h e  a x i a l  b l a n k e t  i n  e q u i l i b r i u m  burnup 
c o n d i t i o n ,  t h e  r a d i a l  b l a n k e t  r e g i o n  was t h e n  s u p p l i e d  w i t h  f r e s h  
f u e l :  d e p l e t e d  UO2.  Tho2, o r  ~ h ~ .  A f t e r  s u f f i c i e n t  burnup 
r e a c t i v i t y  w a s  e n s u r e d  f o r  e a c h  o f  t h e s e  r e a c t o r  c o n f i g u r a t i o n s ,  
t h e  c o r e  and t h e  a x i a l  b l a n k e t  were r e f u e l e d  a f t e r  e a c h  burnup 
c y c l e  as d e s c r i b e d  a b o v e ,  w h i l e  t h e  f u e l  i n  t h e  r a d i a l  b l a n k e t  
remained i n  p l a c e  f o r  f i v e  burnup  c y c l e s .  
Under t h e s e  c o n d i t i o n s ,  t h e  r a d i a l  b r e e d i n g  c h a r a c t e r i s t i c s  
and t h e  g l o b a l  r e a c t o r  p a r a m e t e r s  were compared f o r  t h e  t h r e e  
b l a n k e t  c o n f i g u r a t i o n s .  The r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  
now b e i n q  d i s c u s s e d  
C r i t i c a l i t y  C a l c u l a t i o n s  
The i n f l u e n c e  on  k e f f  o f  t h e  t h o r i u m  b l a n k e t s  a s  compared 
t o  t h e  U 0 2  r a d i a l  b l a n k e t  i s  shown i n  T a b l e  11 .10 .  A d e c r e a s e  
in k e f f  ( f r o m  1.0180 f o r  t h e  U 0 2  b l a n k e t  t o  1.0147 f o r  t h e  Tho2 
b l a n k e t  and t o  1.0116 f o r  t h e  ~ h ~  b l a n k e t )  c o r r e s p o n d s  t o  a l o s s  
in k e f f  o f  0.324% and  0 .629% f o r  t h e  two t h o r i u m  b l a n k e t s .  
I n  o r d e r  t o  e n s u r e  s u f f i c i e n t  burnup r e a c t i v i t y  f o r  t h e  t h o r i u m  
b l a n k e t s ,  t h e  Pu e n r i c h m e n t  i n  t h e  c o r e  r e g i o n  w a s  i n c r e a s e d  by 
i t e r a t i o n  o f  ke f f  f o r  e i t h e r  b l a n k e t .  Thus it w a s  n e c e s s a r y  t o  
i n c r e a s e  t h e  f i s s i l e  Pu i n v e n t o r y  by 1 . 2 %  i n  t h e  case o f  t h e  Tho, 
L 
b l a n k e t  and by 2 .43% f o r  t h e  ~ h ~  b l a n k e t ,  a s  compared t o  t h e  U 0 2  
b l a n k e t .  
For  m a i n t a i n i n g  a u n i f o r m  power d i s t r i b u t i o n  i n  t h e  c o r e  
r e g i o n ,  t h e  i n c r e a s e  i n  Pu e n r i c h m e n t  w a s  l i m i t e d  t o  CZ3, t h e  
c o r e  zone immedia te ly  a d j a c e n t  t o  t h e  r a d i a l  b l a n k e t .  For  t h e  
Tho2 b l a n k e t  t h e  e n r i c h m e n t  o f  CZ3 had t o  be  i n c r e a s e d  by 4 .64%.  
and f o r  t h e  ~ h ~  b l a n k e t  by 9 . 6 3 % .  
F i g u r e  1 1 . 5  shows ke f f  a s  a f u n c t i o n  o f  t h e  b l a n k e t  r e s i d e n c e  
t i m e  f o r  t h e  t h r e e  d i f f e r e n t  r a d i a l  b l a n k e t s .  A n o t i c e a b l e  d i f -  
f e r e n c e  i n  k  
e f f  be tween t h e  b l a n k e t s  o c c u r s  a f t e r  t h e  f o u r t h  o r  
f i f t h  burnup  c y c l e ,  b u t  t h i s  can  be  e a s i l y  compensated  f o r  by 
moving t h e  c o n t r o l  r o d s .  F o r  t h e s e  burnup  c a l c u l a t i o n s ,  t h e  
c o n t r o l  r o d s  were  assumed t o  b e  s t a t i o n a r y .  T h i s  a c c o u n t s  f o r  
t h e  c y c l i c  i n c r e a s e  i n  k e f f ,  which c a n  be a s c r i b e d  t o  t h e  con- 
t i n u o u s  b u i l d u p  o f  f i s s i l e  f u e l  i n  t h e  r a d i a l  b l a n k e t s .  
T a b l e  11.10.  Enr ichments  and f i s s i l e  i n v e n t o r i e s  of  t h e  c o r e  
and a x i a l  b l a n k e t  r e g i o n s  b e f o r e  and a f t e r  k  
i t e r a t i o n  f o r  v a r i o u s  r a d i a l  b l a n k e t s .  e f f  
Before 
Radial  keff  
b lanke t  i t e r a t i o n  
Af t e r  kef f  i t e r a t i o n  
- - -  
~ r a t i o n  k e f f  k e f f  PU enrichment ( % 1 Pu inven tory  f i s s  
( t = O )  ( t = O )  
cz 1 CZ2 CZ3 ( c o r e  + ax) (kg) 
*The a x i a l  b l an k e t  co n t a in s  a  smal l  q u a n t i t y  of U235. 
Radial Blanket Res~dence nrne(1 Cycle=292 Days) 
F i g u r e  1 1 . 5 .  k e f f  a s  a  f u n c t i o n  o f  t h e  r a d i a l  b l a n k e t  r e s i d e n c e  
t i m e  f o r  a n  LMFBR w i t h  U O Z I  Tho2, and ~ h ~  r a d i a l  
b l a n k e t s  ( t h e  c o r e  and t h e  a x i a l  b l a n k e t  a r e  re- 
f u e l e d  a f t e r  e a c h  c y c l e )  . 
11 .7 .  THE M A I N  FACTORS INFLUENCING 
THE RADIAL BREEDING RATIO BRr 
B e f o r e  t h e  n u m e r i c a l  r e s u l t s  f o r  t h e  v a r i o u s  r a d i a l  b l a n k e t  
c o n f i g u r a t i o n s  a r e  p r e s e n t e d  i n  S e c t i o n  1 1 . 8 ,  it is  u s e f u l  t o  
d i s c u s s  i n  some more d e t a i l  t h e  v a r i o u s  f a c t o r s  i n f l u e n c i n g  t h e  
b r e e d i n g  c h a r a c t e r i s t i c s  o f  a  r a d i a l  b l a n k e t .  
The b r e e d i n g  p r o p e r t i e s  o f  a  r a d i a l  b l a n k e t  are g e n e r a l l y  
d e s c r i b e d  by two p a r a m e t e r s ,  t h e  r a d i a l  b r e e d i n g  r a t i o  BRr and 
t h e  r a d i a l  b r e e d i n g  g a i n  G r .  Both a r e  f o r m a l l y  d e f i n e d  i n  Chap- 
t e r  I i n  t e r m s  o f  t h e  cumbersome n e u t r o n  r e a c t i o n  r a t e s  and t h e  
more u s e f u l  g l o b a l  n e u t r o n  p a r a m e t e r s .  P h y s i c a l l y  s p e a k i n g ,  
however,  n e i t h e r  r e p r e s e n t a t i o n  conveys  a . v e r y  c l e a r  under-  
s t a n d i n g  o f  how t h e s e  f a c t o r s  i n f l u e n c e  t h e  b r e e d i n g  c h a r a c t e r -  
i s t ics  of  a b l a n k e t .  The f o l l o w i n g  d i s c u s s i o n ,  t h e r e f o r e ,  f o -  
c u s e s  on  n e u t r o n  b a l a n c e s  i n  a  way s i m i l a r  t o  t h e  a p p r o a c h  t a k e n  
i n  S e c t i o n  11.2 .  
The n e u t r o n s  a v a i l a b l e  f o r  a b s o r p t i o n  i n  t h e  b l a n k e t  have  
been d e f i n e d  a s  t h e  sum o f  t h e  n e u t r o n s  l e a k i n g  i n t o  t h e  r a d i a l  
b l a n k e t  from t h e  c o r e  r e g i o n  and o f  t h e  n e u t r o n s  g e n e r a t e d  i n  t h e  
b l a n k e t .  There  a r e  b a s i c a l l y  f o u r  p r o c e s s e s  compet ing  f o r  t h e s e  
n e u t r o n s  i n  t h e  r a d i a l  b l a n k e t :  a b s o r p t i o n  by f e r t i l e  f u e l ,  ab- 
s o r p t i o n  by s e l f - b r e d  f i s s i l e  f u e l ,  p a r a s i t i c  a b s o r p t i o n s  by 
s t r u c t u r a l  m a t e r i a l  and o t h e r  nonbreed ing  m a t e r i a l s  i n  t h e  b l a n -  
k e t ,  and l e a k a g e  i n t o  t h e  r a d i a l  r e f l e c t o r .  ( P a r a s i t i c  n e u t r o n  
a b s o r p t i o n s  and r a d i a l  l e a k a g e  losses a r e  h e r e  d e f i n e d  a s  pa ra -  
s i t i c  ( n e u t r o n )  l o s s e s .  ) 
Assuming t e m p o r a r i l y  a n  i d e a l  b l a n k e t  c o n d i t i o n ,  i . e .  no 
n e u t r o n s  a r e  l o s t  due  t o  p a r a s i t i c  l o s s e s ,  and assuming t h a t  
n e u t r o n  a b s o r p t i o n  by s e l f - b r e d  f i s s i l e  f u e l  i s  s m a l l ,  one c a n  
e x p e c t  t h a t  p r a c t i c a l l y  a l l  o f  t h e  n e u t r o n s  a v a i l a b l e  a r e  used  
f o r  b r e e d i n g ,  i . 'e.  t h e y  a r e  c a p t u r e d  by f e r t i l e  f u e l .  S i n c e  
t h e  r a d i a l  b r e e d i n g  r a t i o  BRr i s  d e f i n e d  i n  t e r m s  o f  n e u t r o n s  
c a p t u r e d  by f e r t i l e  f u e l  i n  t h e  r a d i a l  b l a n k e t ,  BRr i s  ob- 
v i o u s l y  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  number o f  n e u t r o n s  a v a i l a b l e ,  
i . e .  t h o s e  l e a k i n g  i n t o  t h e  r a d i a l  b l a n k e t  from t h e  core r e g i o n  
and g e n e r a t e d  i n  t h e  b l a n k e t .  A l a r g e r  n e u t r o n  l e a k a g e  and/  
o r  a  l a r g e r  n e u t r o n  s e l f - g e n e r a t i o n  imply  a  l a r g e r  BR . The 
r 
parameters  de t e rmin ing  leakage and s e l f - g e n e r a t i o n  a r e  t h e r e f o r e  
r e l e v a n t  f o r  comparing t h e  r a d i a l  b reed ing  r a t i o s  BR of  t h e  
r 
v a r i o u s  r a d i a l  b l a n k e t s .  
How many neu t rons  l e a k  i n t o  t h e  r a d i a l  b l a n k e t  i s  determined 
by two f a c t o r s  independent  of  each o t h e r :  t h e  geomet r ic  d e s i g n  of 
a  g iven  FBR, and t h e  neu t ron  r e f l e c t i v e  p r o p e r t i e s  of  t h e  p a r t i c u -  
l a r  r a d i a l  b l a n k e t  m a t e r i a l .  The geomet r ic  d e s i g n  i s  d i s c u s s e d  i n  
t e r m s  of  t h e  H/D r a t i o  of  t h e  c o r e  d e s i g n ,  and t h e  neu t ron  r e f l e c -  
t i v e  p r o p e r t i e s  a r e  examined i n  t e r m s  of  t h e  b l a n k e t  a lbedo  B .  
Se l f -gene ra t ed  neu t rons  r e s u l t  from f i s s i o n s  occu r ing  i n  t h e  
6  f i s s i l e  and f e r t i l e  f u e l s  . The i n f l u e n c e  of f i s s i l e  f i s s i o n  and 
f e r t i l e  f i s s i o n  on t h e  r a d i a l  and g l o b a l  b reed ing  r a t i o s  can be 
i 
s u i t a b l y  i l l u s t r a t e d  i n  terms of  two pa rame te r s ,  ", t h e  number 
J I 
of neu t rons  r e l e a s e d  pe r  r a d i a l  f i s s i l e  a b s o r p t i o n ,  and ( v F ) ~ / A ~ ,  
t h e  c o n t r i b u t i o n  of r a d i a l  f e r t i l e  f i s s i o n  neu t rons .  
S ince  t h e  l a t t e r  parameter  i s  shown t o  be a  ve ry  s e n s i t i v e  
f u n c t i o n  of  t h e  neu t ron  spectrum p r e v a i l i n g  i n  t h e  r a d i a l . b l a n k e t ,  
i t s  i n f l u e n c e  on BRr i s  much more d i f f i c u l t  t o  a s s e s s  beforehand 
than  t h a t  of q:. A more conven ien t ,  b u t  l e s s  c o n c i s e ,  parameter 
r e p r e s e n t i n g  t h e  f a s t - f i s s i o n  component i s  t h e  f a s t - f i s s i o n  
c r o s s  s e c t i o n  of  t h e  f e r t i l e  i s o t o p e .  
~ h u s  t h e  r a d i a l  b r eed ing  r a t i o  BR i s  determined by b a s i c a l -  
r 
l y  f o u r  parameters :  
-- t h e  H / D  r a t i o  of  t h e  FBR co re  d e s i g n ,  
-- t h e  a lbedo  o f  t h e  b l a n k e t  m a t e r i a l ,  
-- t h e  neu t ron  e f f e c t i v e n e s s  of  t h e  bred  f i s s i l e  f u e l ,  
r e p r e s e n t e d  by q i  
r '  
-- t h e  f e r t i l e - f i s s i o n  f i s s i o n  c o n t r i b u t i o n  of  t h e  r a d i a l  
J I b l a n k e t ,  r e p r e s e n t e d  by (vF) / A ~  o r  i l l u s t r a t e d  by 
J r 
c r o s s  s e c t i o n  a f  
where t h e  f i r s t  two parameters  de te rmine  t h e  neu t ron  leakage  i n -  
t o ,  and t h e  l a s t  two t h e  neu t ron  s e l f - g e n e r a t i o n  i n  t h e  b l anke t .  
6 ~ i s s i o n  i n  f e r t i l e  f u e l  i s  r e f e r r e d  t o  a s  f e r t i l e  f i s s i o n  o r  
f a s t  f i s s i o n ;  n e u t r o n s  r e l e a s e d  by f e r t i l e  f i s s i o n  a r e  f e r t i l e -  
f i s s i o n  o r  f a s t - f i s s i o n  neu t rons .  
I I . 7 . a .  Neu t ron  Leakage  i n t o  t h e  R a d i a l  B l a n k e t :  I n f l u e n c e  o f  
t h e  H / D  R a t i o  and  t h e  Albedo 
Neu t ron  l e a k a g e  f rom t h e  c o r e  r e g i o n  i n t o  t h e  r a d i a l  b l a n k e t  
i s  d e t e r m i n e d  by t h e  FBR c o r e  d e s i g n ,  which i s  d e s c r i b e d  by t h e  
H/D r a t i o ,  and  by t h e  n e u t r o n  r e f l e c t i v e  p r o p e r t i e s  o f  t h e  ra- 
d i a l  b l a n k e t  material.  
I n f l u e n c e  o f  t h e  H / D  Ratio o n  t h e  B r e e d i n g  
P r o p e r t i e s  o f  t h e  R a d i a l  B l a n k e t  
The g e o m e t r i c  c o n f i g u r a t i o n  o r  d e s i g n  o f  t h e  FBR core de-  
t e r m i n e s  e s s e n t i a l l y  t h e  d i r e c t i o n a l  l e a k a g e  p r e f e r e n c e  o f  neu-  
t r o n s  o r i g i n a t i n g  i n  t h e  c o r e  r e g i o n  and  d i f f u s i n g  i n t o  t h e  b l a n -  
k e t  r e g i o n s  t h a t  s u r r o u n d  it. S a f e t y -  and  t h e r m o h y d r a u l i c -  
r e l a t e d  c o n s i d e r a t i o n s  r e q u i r e  FBR d e s i g n s  w i t h  r e l a t i v e l y  f l a t ,  
pancaked ,  c o r e s .  I t  c a n  b e  shown t h a t  s u c h  d e s i g n s  w i t h  
H / D  r a t i o s  o f  0 . 3  t o  0 . 4  have  a d e f i n i t e  n e u t r o n  l e a k a g e  p r e f e r -  
e n c e  i n t o  t h e  a x i a l  d i r e c t i o n ,  o r  i n t o  t h e  a x i a l  b l a n k e t ,  f o r  
t h a t  matter .  T h i s  l e a k a g e  p r e f e r e n c e  was b r i e f l y  d e m o n s t r a t e d  
i n  S e c t i o n  1 1 . 2 .  T h e r e  it was shown t h a t  1 0  ( o r  6 2 % )  o f  a t o t a l  
of 16 c o r e  l e a k a g e  n e u t r o n s  s c a t t e r  i n t o  t h e  a x i a l  b l a n k e t ,  w h i l e  
o n l y  6 ( o r  38%) s c a t t e r  i n t o  t h e  r a d i a l  b l a n k e t  r e g i o n .  
I t  h a s  been  a r g u e d  t h a t  t h e  r a d i a l  b r e e d i n g  r a t i o  BRr i s  a 
d i r e c t  f u n c t i o n  o f  t h e  n e u t r o n  l e a k a g e  i n t o  t h e  b l a n k e t .  One 
s h o u l d  t h e r e f o r e  e x p e c t  a d i s t i n c t  c o r r e l a t i o n  be tween t h e  H / D  
r a t i o  and  BR . T h i s  i s  shown t o  b e  t h e  case i n  T a b l e  11 .11 ,  
r 
i n  which  H / D ,  B R N ,  and  BRr are l i s t e d  f o r  some c u r r e n t  FBR de-  
s i g n s .  BRr c l e a r l y  i n c r e a s e s  w i t h  i n c r e a s i n g  H / D ,  e v e n  though  
7 
n o t  a l l  of  t h e  FBRs have  t h e  same b l a n k e t  t h i c k n e s s  . I n  
a d d i t i o n ,  t h e  d a t a  d e m o n s t r a t e  t h a t  t h e r e  i s  a d e f i n i t e  c o r r e l a -  
t i o n  be tween t h e  H / D  r a t i o  and  t h e  B R , / B R ~  r a t i o  (see l a s t  
 h he r a d i a l  b l a n k e t  t h i c k n e s s  d e t e r m i n e s  t h e  r e f  l e c t o r  l e a k a g e  
component  o f  t h e  p a r a s i t i c  n e u t r o n  l o s s e s .  I n  t h e  c a s e  o f  a 
t h i c k  b l a n k e t ,  o n l y  a few n e u t r o n s  a r e  l o s t  d u e  t o  l e a k a g e  i n t o  
t h e  r e f l e c t o r .  Such l e a k a g e  losses c a n  b e  q u i t e  s i g n i f i c a n t  
i f  t h e  r a d i a l  b l a n k e t s  a r e  n o t  s u f f i c i e n t l y  t h i c k  a n d  i n  FBR 
d e s i g n s  w i t h  s m a l l  c o r e s  ( i . e .  SNR 3 0 0 ) ,  where  t h e  c o n t r i b u t i o n  
o f  t h e  b l a n k e t  b r e e d i n g  r a t i o s  is v e r y  i m p o r t a n t .  I n  t h e  l a t t e r  
case, t h e  r e f l e c t o r  l e a k a g e  l o s s e s  mus t  b e  k e p t  s m a l l  (see d i s -  
c u s s i o n  i n  S e c t i o n  I I . 9 . b ) .  
T a b l e  11.11.  I n f l u e n c e  of  t h e  H/Dc r a t i o  on t h e  r a d i a l  b r ee d ing  
r a t i o  BRr and on t h e  r a t i o  of r a d i a l  and g l o b a l  
b r e e d i n g  r a t i o s  ( B R r / B S ) .  
* 
FBR t y p e  H/Dc Breed ing  r a t i o s  BRr 
B R ~  B R ~  
- ( % I  
B R ~  
SNR- 2  * 
C a r b i d e  0.240 1.35 0.20 15 
Oxide 0.273 1.22 0.22 18 
LMFBR* * 0.31 1.36 0.24 17.6 
GCFBR* * * 
GGA 
KF K 
*H S enke ,  p e r s o n a l  communicat ion,  I n t e r a t o m ,  Bensberg ,  F.R.G. (i 97:) . 
**Values based  on  G en e ra l  E l e c t r i c ,  GEAP 5678 ( 1 9 6 8 ) .  
***Kernforschungszentrum K a r l s r u h e ,  KFK 1375 ( 1 9 7 1 ) .  
column i n  Tab l e  1 1 . 1 1 ) .  For  example ,  BRr/B% i n c r e a s e s  from 
15-18% f o r  d e s i g n s  w i t h  low H / D  r a t i o s  of  0.24-0.31 t o  22-25% 
f o r  d e s i g n s  w i t h  h i g h  H / D  r a t i o s  o f  0 . 4 0 ,  which i n d i c a t e s  a  
l a r g e r  n e u t r o n  l e a k a g e  component i n t o  t h e  r a d i a l  d i r e c t i o n  a s  
t h e  H / D  r a t i o  i n c r e a s e s .  Changing t h e  H / D  r a t i o  w i l l  t h e r e f o r e  
change t h e  c o n t r i b u t i o n  o f  t h e  r a d i a l  b r e e d i n g  r a t i o  B R r .  T h i s  
f a c t  i s  r e l e v a n t  t o  t h e  d i s c u s s i o n  i n  C hap t e r  I V .  
C u r r e n t l y ,  t h e  H/D r a t i o  o f  t h e  FBR i s  l i m i t e d  t o  a  narrow 
r a n g e  by s a f e t y  and t h e r mohydrau l i c  c o n s i d e r a t i o n s .  These con- 
s i d e r a t i o n s  w i l l  most  l i k e l y  p r e v a i l  i n  t h e  coming decade  
o f  FBR development .  A d e t a i l e d  a s se s smen t  o f  t h e  i n f l u e n c e  of  
t h e  H/D r a t i o  on FBR per fo rmance ,  e s p e c i a l l y  a s  r e g a r d s  t h e  
r a d i a l  b r e e d i n g  r a t i o  i n  c o n n e c t i o n  w i t h  d i f f e r e n t  r a d i a l  b l a n -  
k e t  m a t e r i a l s ,  i s  t h e r e f o r e  n o t  a t t e m p t e d  h e r e .  A t  t h i s  p o i n t ,  
one  o b s e r v a t i o n  i s  i n  o r d e r ,  however: t h e  d i f f e r e n c e s  i n  t h e  
r e l e v a n t  r e a c t o r  p a r a m e t e r s ,  due  t o  t h e  d i f f e r e n t  b l a n k e t  f u e l  
m a t e r i a l s ,  a r e  a m p l i f i e d  a s  t h e  H/D r a t i o  i n c r e a s e s .  T h i s  shou ld  
be k e p t  i n  mind when comparing n u m e r i c a l  r e s u l t s  o f  t h i s  i n v e s t i -  
g a t i o n  w i t h  t h o s e  o f  s i m i l a r  a s s e s s m e n t s  f o r  FBRs w i t h  l a r g e r  
H / D  r a t i o s ,  e l g . - g a s - c o o l e d  FBRs w i t h  H / D  -- 0 . 4 0 .  
The a x i a l  l e a k a g e  p r e f e r e n c e  due t o  t h e  H / D  r a t i o  can  p a r t l y  
be  compensated f o r  by chang ing  t h e  f i s s i l e  f u e l  e n r i c h m e n t  i n  t h e  
c o r e  zone a d j a c e n t  t o  t h e  r a d i a l  b l a n k e t .  U s u a l l y ,  t h e  e n r i c h -  
ment i n  t h i s  c o r e  zone i s  a l r e a d y  i n c r e a s e d  f o r  t h e  p u r p o s e  of  
power f l a t t e n i n g .  I f  t h e  enr ichment  s h o u l d  b e  i n c r e a s e d  even 
f u r t h e r ,  enhanced n e u t r o n  l e a k a g e  i n t o  t h e  r a d i a l  b l a n k e t  w i l l  re- 
s u l t  on a c c o u n t  o f  t h e  l a r g e r  n e u t r o n  f l u x  g r a d i e n t  a t  t h e  c o r e -  
b l a n k e t  i n t e r f a c e .  T h i s  i s  e x p e c t e d  f o r  t h e  thor ium b l a n k e t s ,  
s i n c e  t h e  e n r i c h m e n t  i n  c o r e  zone CZ3 was i n c r e a s e d  i n  b o t h  c a s e s .  
The Albedos  of  U 0 2 ,  T h o 2 ,  and ~ h "  
R a d i a l  B l a n k e t s  
S i n c e  t h e  H / D  r a t i o  r emains  t h e  same t h r o u g h o u t  t h i s  i n -  
v e s t i g a t i o n ,  n e u t r o n  l e a k a g e  i n t o  t h e  r a d i a l  b l a n k e t  i s  b a s i -  
c a l l y  d e t e r m i n e d  by t h e  n e u t r o n  r e f l e c t i v e  p r o p e r t y ,  o r  a l b e d o  0 ,  
of t h e  U 0 2  , Tho2, and ~ h ~  b l a n k e t  f u e l  m a t e r i a l s .  The r a d i a l  
b r e e d i n g  r a t i o s  BRr a r e  t h u s  e x p e c t e d  t o  be  i n v e r s e l y  p r o p o r t i -  
o n a l  t o  t h e  0 v a l u e s  o f  t h e  r a d i a l  b l a n k e t  m a t e r i a l s .  According 
t o  d i f f u s i o n  t h e o r y ,  t h e  a l b e d o  6 o f  a  r e f l e c t o r ,  which i n  t h i s  
c a s e  i s  t h e  r a d i a l  b l a n k e t ,  can  be d e r i v e d  f o r  a  s l a b  i n  t h e  
one-group t h e o r y  a s  f o l l o w s :  
where S i s  t h e  r e f l e c t o r  s a v i n g ,  g i v e n  by 
D ~ '  D~ a r e  t h e  d i f f u s i o n  c o e f f i c i e n t s  i n  t h e  b l a n k e t  and i n  t h e  
c o r e ,  a  i s  t h e  b l a n k e t  t h i c k n e s s ,  and LB t h e  d i f f u s i o n  l e n g t h  
i n  t h e  b l a n k e t ,  approx imated  by 
LB i s  c o r r e c t e d  by t h e  n e u t r o n  p roduc t i on  v 2 f  ' 
Using t h e  one-group d a t a  l i s t e d  i n  T ab l e  11.12 of  t h e  b lan-  
k e t  m i x t u r e s  i n v e s t i g a t e d  h e r e ,  t h e  a lbedo  v a l u e s  can  be c a l c u l -  
a t e d  f o r  f r e s h  r a d i a l  b l a n k e t s  o f  i n f i n i t e  and f i n i t e  ( e . g .  26.7 c m  
of  t h e  p r e s e n t  b l a n k e t )  t h i c k n e s s .  These v a l u e s  a r e  l i s t e d  i n  
T a b l e  11.13.  
The U 0 2  b l a n k e t  i s  shown t o  have t h e  h i g h e s t  a l b e d o  B of  
- 
0.742,  and hence t h e  b e s t  n e u t r o n  r e f l e c t i v e  p r o p e r t i e s  among 
t h e  b l a n k e t s  c o n s i d e r e d .  I t  i s  c l o s e l y  fo l l owed  by t h e  Tho2 
b l a n k e t  w i t h  B = 0.729 and t h e  ~ h "  b l a n k e t  w i t h  B = 0.678.  The 
r e f l e c t i v i t y  o f  t h e  Tho, b l a n k e t  i s  less by 1 . 8 % ,  compared t o  t h a t  
L 
o f  t h e  U 0 2  b l a n k e t ,  and t h e  B o f  t h e  ~ h ~  b l a n k e t  i s  less by 8 . 6 % .  
The s u p e r i o r  r e f l e c t i v e  p r o p e r t y  o f  UO 2  i s  c l e a r l y  due  t o  t h e  
l a r g e r  f a s t - f i s s i o n  c o n t r i b u t i o n  and t h e  s m a l l  U235 c o n c e n t r a t i o n  
remain ing  i n  d e p l e t e d  uranium, 0 .25% i n  t h i s  s t u d y .  (Compare t h e  
d a t a  w i t h  and w i t h o u t  f a s t  f i s s i o n  i n  T ab l e  1 1 - 1 3 . )  The c o n s i d e r -  
a b l y  lower B f o r  t h e  ~ h ~  b l a n k e t  i s  p r i n c i p a l l y  due  t o  t h e  much 
h a r d e r  n e u t r o n  sp ec t r u m  i n  a  me t a l  b l a n k e t .  For  t h i s  p a r t i c u l a r  
c a s e ,  b a c k s c a t t e r i n g  o f  n e u t r o n s  i s  reduced  on accoun t  o f  t h e  
l a r g e r  n e u t r o n  d i f f u s i o n  c o e f f i c i e n t  D 
B' 
Thus,  on t h e  b a s i s  o f  a l b e d o  compar i sons ,  t h e  f o l l o w i n g  d i f -  
f e r e n c e s  between t h e  t h r e e  r a d i a l  b l a n k e t s  c a n  be a n t i c i p a t e d :  
-- a  l a r g e r  n e u t r o n  l e akage  i n t o  t h e  Tho2 and ~ h ~  b l a n k e t s  
t h a n  i n t o  t h e  UO b l a n k e t ,  on accoun t  o f  t h e  s m a l l e r  f i  2  
v a l u e s ,  
-- t h e  n e c e s s i t y  o f  i n c r e a s i n g  t h e  f i s s i l e  f u e l  en r i chme n t  
o f  t h e  c o r e  r e g i o n  i n  b o t h  thor ium b l a n k e t s ,  
-- t h e  l a r g e s t  en r i chmen t  i n c r e a s e  i n  t h e  c a s e  o f  t h e  ~ h ~  
b l a n k e t  d u e  t o  i t s  s m a l l e s t  0 ,  
-- a  l a r g e r  BRr f o r  b o t h  Tho2 and ~ h ~  b l a n k e t s  on accoun t  
of  t h e i r  lower 0  v a l u e s ,  w i t h  t h e  ~ h ~  b l a n k e t  showing 
t h e  l a r g e s t  i n c r e a s e ,  
-- r e d i s t r i b u t i o n  o f  t h e  r e g i o n  b r e e d i n g  r a t i o s  BRn.  
T a b l e  1 1 . 1 2 .  One-group d a t a  o f  f r e s h  r a d i a l  b l a n k e t s .  
R a d i a l  b l a n k e t  
One-group d a t a  
T a b l e  11 .13 .  One-group a l b e d o s  B o f  f r e s h  r a d i a l  b l a n k e t s .  
R a d i a l  b l a n k e t  t h i c k n e s s  = R a d i a l  b l a n k e t  t h i c k n e s s  = 2 6 . 7  c m  
R a d i a l  8 R a d i a l  8 
b l a n k e t  w i t h  w i t h o u t  b l a n k e t  w i t h  w i t h o u t  
f a s t  f i s s i o n  f a s t  f i s s i o n  
. 
I I . 7 . b .  P r o d u c t i o n  of  Neu t rons  i n  t h e  R a d i a l  B l a n k e t  
There  are two s o u r c e s  o f  n e u t r o n  s e l f - g e n e r a t i o n  i n  t h e  ra- 
d i a l  b l a n k e t :  t h e  n e u t r o n s  r e l e a s e d  as a r e s u l t  of f i s s i o n  i n  
t h e  b l a n k e t - b r e d  f i s s i l e  f u e l ,  and t h e  n e u t r o n s  r e l e a s e d  as re- 
s u l t  of  f e r t i l e  f i s s i o n .  T h e i r  i n f l u e n c e  on BRr and BRN c a n  be  
i l l u s t r a t e d  i n  t h e  case o f  t h e  f i s s i l e - i n d u c e d  n e u t r o n s  by t h e  
i 
' r v a l u e  o f  t h e  b r e d  f i s s i l e  i s o t o p e ( s ) ,  and i n  t h e  c a s e  o f  t h e  J I f e r t i l e - i n d u c e d  n e u t r o n s  by ( v F ' ) ~ ,  t h e  f e r t i l e - f i s s i o n  n e u t r o n  
c o n t r i b u t i o n  i n  t h e  r a d i a l  b l a n k e t .  
The Energy-Dependent q i (e )  f o r  V a r i o u s  F i s s i l e  
I s o t o p e s  i n  t h e  LMFBR Neutron Spect rum 
The number o f  n e u t r o n s  r e l e a s e d  p e r  f i s s i l e  n e u t r o n  absorp-  
t i o n  n i s  one o f  t h e  most  i m p o r t a n t  p a r a m e t e r s  w i t h  r e g a r d  t o  
t h e  b r e e d i n g  r a t i o  o f  any r e a c t o r  t y p e .  F i g u r e  11 .6  shows t h e  
i 
energy-dependent  n of  v a r i o u s  f i s s i l e  i s o t o p e s  f o r  t h e  c o r e  
n e u t r o n  spec t rum o f  t h e  LMFBR i n v e s t i g a t e d .  
F i g u r e  11 .6 .  q i  of d i f f e r e n t  f i s s i l e  i s o t o p e s  f o r  t h e  LMFBR 
s p e c t r u m  (ENDF/B-I11 d a t a )  . 
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The a v e r a g e  n e u t r o n  e n e r g y  i n  t h e  c o r e  zones  o f  an  o x i d e -  
f u e l e d  LMFBR i s  a b o u t  80-100 keV. I n  t h i s  e n e r g y  r a n g e ,  t h e  f i s -  
s i l e  i s o t o p e s  Pu239 and Pu24 1 have c o n s i d e r a b l y  l a r g e r  n i  v a l u e s  
t h a n  t h e  c o r r e s p o n d i n g  uranium f i s s i l e  i s o t o p e s  U233 and U235. 
Much h i g h e r  g l o b a l  b r e e d i n g  r a t i o s  B% are t h e r e f o r e  a t t a i n a b l e  
i n  FBRs w i t h  Pu a s  f i s s i l e  f u e l  i n  t h e  c o r e  r e g i o n .  T h i s  i s  p a r t -  
l y  why Pu239/Pu241 i s  chosen  a s  f i s s i l e  f u e l  f o r  a l l  FBR d e s i g n s .  
The n e u t r o n  s p e c t r a  i n  t h e  b l a n k e t  r e g i o n s  o f  a n  FBR a r e  
c o n s i d e r a b l y  s o f t e r  t h a n  t h e  spec t rum i n  t h e  c o r e  r e g i o n .  T h i s  
i s  due  t o  t h e  f a c t  t h a t  t h e  c o r e  l e a k a g e  n e u t r o n s  are degraded  
i n  e n e r g y  a s  t h e y  are d i f f u s i n g  i n t o  t h e  b l a n k e t  r e g i o n .  
I n  t h e  mean n e u t r o n  e n e r g y  r a n g e  o f  an  o x i d e  r a d i a l  b l a n k e t  
(10-40 keV) . U233 c l e a r l y  h a s  t h e  l a r g e r  n i  v a l u e  t h a n  Pu239. 
T h i s  a d v a n t a g e  of  U233 i n c r e a s e s  a s  t h e  n e u t r o n  s p e c t r u m  becomes 
even s o f t e r .  
The U233 b r e d  i n  a thor ium b l a n k e t  w i l l  t h e r e f o r e  have a  
more p o s i t i v e  i n f l u e n c e  on t h e  r a d i a l  and g l o b a l  b r e e d i n g  r a t i o s  
8 t h a n  t h e  Pu239 b r e d  i n  a U02 b l a n k e t  . 
Q; I weigh ted  o v e r  a l l  N FBR r e g i o n s  and a l l  I f i s s i l e  i s o -  
t o p e s ,  i s  t h e r e f o r e  e x p e c t e d  t o  be l a r g e r  i n  t h e  c a s e  o f  t h e  
t h o r i u m  b l a n k e t s  t h a n  f o r  t h e  U02 b l a n k e t .  
The F a s t - F i s s i o n  E f f e c t  i n  t h e  R a d i a l  B l a n k e t  
The impor tance  o f  f a s t  f i s s i o n  f o r  t h e  g l o b a l  b r e e d i n g  
r a t i o  B% i s  d i s c u s s e d  i n  d e t a i l  i n  S e c t i o n  11.9 .b .  comparing 
t h e  g l o b a l  n u c l e a r  p a r a m e t e r s  o f  E q u a t i o n  (1-15) f o r  v a r i o u s  
FBR d e s i g n s .  S i n c e  t h e  f a s t - f i s s i o n  c o n t r i b u t i o n  s t r o n g l y  
depends  on t h e  p r e v a i l i n g  n e u t r o n  spectrum--as c a n  be  r e a d i l y  
i n f e r r e d  from t h e  t h r e s h o l d  f a s t - f i s s i o n  c r o s s  s e c t i o n s  o f  U238 
and Th232 i n  F i g u r e  1 1 . 4 - - B %  i s  a l s o  d e p e n d e n t  on t h e  n e u t r o n  
spec t rum.  
8 ~ h e  f i s s i l e  f u e l  b r e d  i n  t h e  b l a n k e t s  i s  a l m o s t  e x c l u s i v e l y  
p u r e  Pu239 o r  U233, e . g .  t h e  v e c t o r  f o r  a 1102 r a d i a l  b l a n k e t  i s  
Pu239/Pu240/Pu241/Pu242 = 92 .36 /7 .32 /0 .30 /0 .02 ,  and t h e  v e c t o r  
f o r  Tho2 i s  U233/U234/U235/U236 = 96 .17 /3 .55 /0 .27 /0 .  
Most o f  t h e  f a s t  f i s s i o n s  o c c u r  i n  t h e  c o r e  r e g i o n  o f  t h e  
FBR, where  t h e  n e u t r o n  s p e c t r u m  i s  h a r d e s t .  The b l a n k e t  r e g i o n s  
s u p p l y  o n l y  few f a s t - f i s s i o n  n e u t r o n s .  I n  t h e  FBR i n v e s t i g a t e d ,  
21.45 o u t  of 100 n e u t r o n s  g e n e r a t e d  t h r o u g h o u t  t h e  r e a c t o r  are 
f a s t - f i s s i o n  n e u t r o n s ,  18.42 ( 8 6 % )  o f  which a r e  g e n e r a t e d  i n  
t h e  c o r e  r e g i o n  and  1 .05  ( o n l y  5 % )  i n  t h e  r a d i a l  b l a n k e t  r e g i o n .  
T h i s  i n d i c a t e s  t h a t  a change  i n  t h e  n e u t r o n  s p e c t r u m  of  t h e  
c o r e  r e g i o n ,  s u c h  as t h e  u s e  o f  a d i f f e r e n t  f e r t i l e  i s o t o p e ,  
w i l l  have  a prifound impac t  on t h e  t o t a l  f a s t  f i s s i o n  and  t h u s  
on  B%, whereas  t h i s  impac t  w i l l  b e  c o n s i d e r a b l y  less i f  s u c h  
change  o c c u r s  i n  t h e  r a d i a l  b l a n k e t  r e g i o n .  A d i f f e r e n t  f e r t i l e  
f u e l  o r  n e u t r o n  s p e c t r u m  d e g r a d a t i o n  i n  t h e  r a d i a l  b l a n k e t  w i l l  
a f f e c t  t h e  t o t a l  f a s t  f i s s i o n  o n l y  i n s i g n i f i c a n t l y  and  i s  ex-  
p e c t e d  t o  have  l i t t l e  i n f l u e n c e  on B%. 
The f a s t - f i s s i o n  c r o s s  s e c t i o n  o f  Th232 h a s  been  shown 
t o  b e  a b o u t  f o u r  t o  f i v e  t i m e s  smaller t h a n  t h a t  o f  U238. Thus 
t h e  f a s t - f i s s i o n  c o n t r i b u t i o n  o f  t h e  r a d i a l  b l a n k e t  w i l l  s t i l l  
b e  even  smaller i f  t h e  U238 t h e r e  i s  r e p l a c e d  by Th232. 
T h i s  e x p l a i n s  why a t h o r i u m  b l a n k e t ,  i n  compar i son  w i t h  
t h e  U 0 2  b l a n k e t ,  i s  e x p e c t e d  t o  e x h i b i t  s u p e r i o r  n u c l e a r  p r o p e r -  
t i e s  a s  r e g a r d s  t h e  b r e e d i n g  o f  U233 a s  f i s s i l e  f u e l ,  b u t  less 
f a v o r a b l e  p r o p e r t i e s  as  r e g a r d s  t h e  f a s t - f i s s i o n  c o n t r i b u t i o n .  
Which o f  t h e  two o p p o s i n g  t r e n d s  come t o  d o m i n a t e  t h e  t o t a l  
n e u t r o n  p r o d u c t i o n  c a n  o n l y  b e  d e t e r m i n e d  by d e t a i l e d  b u r n u p  
c a l c u l a t i o n s .  
1 1 . 8 .  COMPARISON OF THE BREEDING PROPERTIES OF 
U 0 2 ,  Tho2,  AND Thm RADIAL BLANKETS 
The b r e e d i n g  p r o p e r t i e s  o f  r a d i a l  b l a n k e t s  have  been  s a i d  
t o  b e  d e s c r i b e d  by two p a r a m e t e r s ,  t h e  r a d i a l  b r e e d i n g  r a t i o  
BRr and t h e  r a d i a l  b r e e d i n g  g a i n  Gr. BR w a s  d i s c u s s e d  i n  t h e  
r 
p r e v i o u s  s e c t i o n ,  and  t h i s  s e c t i o n  f o c u s e s  o n  t h e  b r e e d i n g  
g a i n  G . 
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* R e s u l t s  o f  b u r n u p  c a l c u l a t i o n s .  
I I . 8 . a .  P a r a m e t e r s  Determining t h e  R a d i a l  Breed ing  Gain Gr 
The r a d i a l  b r e e d i n g  g a i n  Gr, o r  r a d i a l  b u i l d u p ,  was d e r i v e d  
i n  C h a p t e r  I i n  t e r m s  o f  g l o b a l  n e u t r o n  p a r a m e t e r s ,  such  t h a t  
p r o d u c t i o n  o f  l o s s  o f  f i s s i l e  
f i s s i l e  f u e l  f u e l  
The f i r s t  t e r m  i n  t h e  e q u a t i o n  r e p r e s e n t s  t h e  p r o d u c t i o n  of  f i s -  
s i l e  f u e l ,  and t h e  second t e r m  t h e  consumpt ion,  o r  l o s s ,  of  f i s -  
s i l e  f u e l ,  i n  t h e  r a d i a l  b l a n k e t .  
Regarding t h e  f i r s t  term, t h e  g l o b a l  n e u t r o n  p a r a m e t e r s  
I ( l + ~ ) ~  and ( 1 - E  ) p r i m a r i l y  depend on t h e  n e u t r o n  c h a r a c t e r i s t i c s  
N 
o f  t h e  c o r e  r e g i o n .  The f i s s i l e  i s o t o p e  p r o d u c t i o n  term i s  t h u s  
l a r g e l y  d e t e r m i n e d  by t h e  r a d i a l  b r e e d i n g  r a t i o ,  which i n  t u r n  
i s  governed by t h e  n e u t r o n  l e a k a g e  i n t o  and t h e  n e u t r o n  p r o d u c t i o n  
i n '  t h e  b l a n k e t ,  a s  d i s c u s s e d  p r e v i o u s l y .  
The second t e r m ,  o r  l o s s  t e r m ,  i n  t h e  e q u a t i o n  i s  p r i m a r i l y  
a  f u n c t i o n  o f  t h e  a b s o r p t i o n  c r o s s  s e c t i o n  o f  t h e  f i s s i l e  f u e l  
b r e d  i n  t h e  b l a n k e t .  T h i s  l o s s  term i s  e x p e c t e d  t o  be  l a r g e r  
f o r  t h e  thor ium b l a n k e t s  t h a n  f o r  t h e  U02 b l a n k e t ,  on accoun t  
o f  t h e  l a r g e r  a b s o r p t i o n  c r o s s  s e c t i o n  of  U233 t h a n  of  Pu239. 
S i n c e  t h e  t h o r i u m  b l a n k e t s  a r e  e x p e c t e d  t o  e x h i b i t  f i s s i l e  
f u e l  l o s s e s  o f f s e t t i n g  t h e  l a r g e r  f i s s i l e  f u e l  p roduc t ion- -bo th  
terms b e i n g  l a r g e r  t h a n  i n  t h e  c a s e  of  a  UO b l a n k e t - - t h e  t r e n d  2 
of Gr f o r  t h e  t h o r i u m  b l a n k e t s  i s  d i f f i c u l t  t o  assess b e f o r e h a n d ,  
e s p e c i a l l y  w i t h o u t  burnup c a l c u l a t i o n s .  
Burnup c a l c u l a t i o n s  a r e  a l s o  needed t o  v e r i f y  t h e  n e g l i g i b l e  
p a r a s i t i c  n e u t r o n  l o s s e s  p r e v i o u s l y  assumed f o r  a l l  b l a n k e t s .  
I I . 8 . b .  Gr f o r  t h e  U 0 2 ,  Tho2,  and ~ h ~  B l a n k e t s  
I The r e l e v a n t  g l o b a l  n e u t r o n  p a r a m e t e r s  ( 1 +a) ,, ( 1 - 5  1 ,  
n 
BRn, and Gn f o r  t h e  c o r e ,  a x i a l  b l a n k e t ,  and r a d i a l  b l a n k e t  
r e g i o n s  o f  t h e  FBR i n v e s t i g a t e d  a r e  l i s t e d  i n  T a b l e  1 1 . 1 4 .  They 
are  g i v e n  as  f u n c t i o n s  o f  t h e  r e s i d e n c e  t i m e s  o f  t h e  U 0 2 ,  Tho2 ,  
I 
and  ~h~  r a d i a l  b l a n k e t s .  The n e u t r o n  p a r a m e t e r s  ( l + a ) n ,  , 
a n d  6n w e r e  c a l c u l a t e d  by  means o f  t h e  n o r m a l i z e d ,  r e g i o n -  a n d  
i s o t o p e - d e p e n d e n t  r e a c t i o n  ra tes  e x t r a c t e d  f rom t h e  b u r n u p  cal-  
c u l a t i o n s .  The c o r r e s p o n d i n g  f e r t i l e  a n d  f i s s i l e  i s o t o p e - d e -  
p e n d e n t  a b s o r p t i o n ,  c a p t u r e ,  a n d  f i s s i o n  r a t e s  a r e  f o u n d  i n  
T a b l e  I I . A . l  i n  Append ix  1 I . A .  
On t h e  b a s i s  o f  t h e  d a t a  i n  T a b l e  1 1 . 1 4 ,  t h e  f i s s i l e  f u e l  
p r o d u c t i o n  and  loss  t e r m s  o f  t h e  r a d i a l  b r e e d i n g  g a i n  Gr o f  
E q u a t i o n  (11-4)  c a n  b e  c a l c u l a t e d  f o r  e a c h  b l a n k e t  c o n f i g u r a t i o n  
as  a f u n c t i o n  o f  t h e  b l a n k e t  r e s i d e n c e  t i m e .  The n u m e r i c a l  r e s u l t s  
i n  T a b l e  1 1 . 1 5  are  i l l u s t r a t e d  by  F i g u r e  1 1 . 7 .  
A s  h a s  b e e n  e x p e c t e d ,  t h e  p r o d u c t i o n  o f  f i s s i l e  f u e l  i s  
i n d e e d  l a r g e r  f o r  e a c h  t h o r i u m  b l a n k e t  t h a n  f o r  t h e  U 0 2  b l a n k e t ,  
a n d  i s  h i g h e s t  f o r  t h e  ~h~  b l a n k e t .  The d i f f e r e n c e s ,  i n  p e r c e n t ,  
b e t w e e n  t h e  t h o r i u m  b l a n k e t s  w i t h  r e s p e c t  t o  t h e  U 0 2  b l a n k e t  are  
p l o t t e d  i n  F i g u r e  1 1 . 8 :  t h e  Tho2 f i s s i l e  p r o d u c t i o n  a p p e a r s  t o  
a p p r o a c h  a n  a s y m p t o t i c  v a l u e  o f  5 % ,  w h e r e a s  t h a t  o f  t h e  ~h~  
b l a n k e t  i n c r e a s e s  from 4 . 5 %  t o  6 % .  
The loss  o f  b r e d  f i s s i l e  f u e l  d u e  t o  a b s o r p t i o n  ( F i g u r e  1 1 . 7 )  
i s  shown t o  b e  l a r g e s t  f o r  t h e  Tho b l a n k e t ,  less f o r  t h e  U 0 2  2  
b l a n k e t ,  a n d  l e a s t  f o r  t h e  ~h~  b l a n k e t .  The l a r g e  loss  i n  t i l e  
Tho2 b l a n k e t  c a n  b e  c l e a r l y  a s c r i b e d  t o  t h e  a b s o r p t i o n  c r o s s  
s e c t i o n  o f  U233 ( w h i c h  h a s  b e e n  shown t o  b e  30-35% l a r g e r  t h a n  
t h a t  f o r  P u 2 3 9 ) .  A c c o r d i n g  t o  F i g u r e  1 1 . 8 ,  t h e  loss  o f  U233 i n  
t h e  Tho2 b l a n k e t  a p p r o a c h e s  a v a l u e  1 6 %  h i g h e r  t h a n  t h a t  o f  
Pu239 i n  t h e  U 0 2  b l a n k e t ,  w h i l e  t h a t  o f  t h e  ~h~  b l a n k e t  i s  smaller  
t h r o u g h o u t  t h e  f u l l  r e s i d e n c e  t i m e .  
The h i g h e s t  r a d i a l  b r e e d i n g  g a i n  G ( F i g u r e  1 1 . 7 )  i s  ob -  
r 
t a i n e d  w i t h  t h e  ~h~  b l a n k e t ,  f o l l o w e d  by t h e  Tho2 b l a n k e t ,  f o r  
r e s i d e n c e  t i m e s  o f  less t h a n  f o u r  c y c l e s .  F o r  l o n g e r  r e s i d e n c e  
times, Gr  o f  t h e  U 0 2  b l a n k e t  s l i g h t l y  i n c r e a s e s ,  compared  t o  
t h e  Tho2 b l a n k e t .  S i n c e  t h e  r e s i d e n c e  t i m e  o f  a r a d i a l  b l a n k e t  
i s  n o r m a l l y  l i m i t e d  t o  be tween  t h r e e  a n d  f o u r  c y c l e s ,  a Tho2 
b l a n k e t  c a n  b e  e x p e c t e d  t o  h a v e  a somewhat  h i g h e r  b r e e d i n g  g a i n  
t h a n  a  U 0 2  b l a n k e t .  

T a b l e  11 .15 .  P r o d u c t i o n  and  l o s s  o f  f i s s i l e  f u e l  and r a d i a l  
b r e e d i n g  g a i n  f o r  v a r i o u s  r a d i a l  b l a n k e t s .  
Radia l  b l a n k e t  
r e s i d e n c e  t h e  
(days) 
F i s s i l e  F i s s i l e  R a d i a l  
f u e l  f u e l  b r e e d i n g  
p r o d u c t i o n *  l o s s * *  g a i n  Gr 
U 0 2  b l a n k e t  
-
21 9 
T h o  b l a n k e t  
-2 
21 9 
~ h ~  b l a n k e t  
21 9 0 . 2 2 6 3  0 . 0 1  4 8  0 . 2 1 1 5  
8 0 3  0 . 2 4 2 4  0 . 0 6 0 2  0 . 1 8 2 2  
1 3 8 7  0 . 2 5 7 3  0 . 1 0 3 2  0 . 1 5 4 0  
I 
* F i s s i l e  f u e l  p r o d u c t i o n  i n  r a d i a l  b l a n k e t :  SRr ( 1  +a)  ( 1  -sN) . 
* * F i s s i l e  f u e l  l o s s  i n  r a d i a l  b l a n k e t :  I ( l + a )  r 6 r  ( 1  - c r )  . 
Radial Blanket Residence Time( lCycle =292 Days 
F i g u r e  11.8. P r o d u c t i o n  and  l o s s  of  f i s s i l e  f u e l  i n  t h o r i u m  b l a n -  
k e t s ,  g i v e n  a s  d i f f e r e n c e s ,  i n  w i t h  r e s p e c t  
t o  t h e  U02 b l a n k e t ,  a s  f u n c t i o n s  o f  t h e  r a d i a l  b l a n -  
k e t  r e s i d e n c e  t i m e .  
Note t h a t  t h e  r e s i d e n c e  t i m e  of  t h e  r a d i a l  b l a n k e t  i s  d e t e r -  
mined by e i t h e r  t h e  maximum p e r m i s s i b l e  l i n e a r  r od  power ach ieved  
by t h e  r a d i a l  b l a n k e t  f u e l  r o d s  d i r e c t l y  a d j a c e n t  t o  t h e  c o r e  
r e g i o n ,  o r  t h e  maximum p e r m i s s i b l e  neu t ron  f l u e n c e  of  t h e  c l a d d i n g  
of t h e  second b l a n k e t  row, o r  by economic c o n s i d e r a t i o n s .  The 
l i m i t a t i o n s  t h e s e  e f f e c t s  may have on t h e  b l a n k e t  r e s i d e n c e  t i m e  
a r e  n o t  s p e c i f i c a l l y  add re s sed  h e r e .  
11.8 .c .  In f  l u e n c e s  of  U 0 2 ,  Tho2, and ~ h ~  B lanke t s  on B R r ,  B c l a x '  
B%' G c , a x '  and GN 
Table  1 1 . 1 6  l i s t s  t h e  FBR region-dependent  b r eed ing  r a t i o s  
and b reed ing  g a i n s  f o r  e ach  d i f f e r e n t  b l a n k e t  c o n f i g u r a t i o n  a s  
a  f u n c t i o n  of  t h e  r a d i a l  b l a n k e t  r e s i d e n c e  t i m e .  These d a t a  
a r e  d e p i c t e d  i n  F i g u r e s  1 1 . 9  and 11.10 a s  d i f f e r e n c e s  i n  pe r -  
c e n t  between t h e  thor ium b l a n k e t s  and t h e  r e f e r e n c e  U 0 2  b l a n k e t .  
A s  p r e v i o u s l y  n o t e d ,  t h e  r a d i a l  b r eed ing  g a i n s  G of  t h e  thor ium r 
b l a n k e t s  a r e  above t h e  U 0 2  b l a n k e t  b r eed ing  g a i n ,  between 9 .5% 
and 12.5% f o r  t h e  ~ h ~  b l a n k e t  and between 5 .5% above and 2 %  
below f o r  Tho2, depending on t h e  b l a n k e t  r e s i d e n c e  t i m e  ( F i g u r e  
I I . 9 b ) .  
A s  can be  s een  from F i g u r e  1 1 . 9 ~ ~  t h e  i n c r e a s e  i n  t h e  
thor ium b l a n k e t  r a d i a l  b r eed ing  g a i n  r educes  G c l a x 1  t h e  sum o f  
t h e  b r eed ing  g a i n s  of  t h e  c o r e  and t h e  a x i a l  b l a n k e t .  G c I a x  of 
t h e  ~ h ~  b l a n k e t  i s  s m a l l e r  by 8-11.5% compared t o  Gc of  t h e  
, ax  
U 0 2  b l a n k e t :  f o r  t h e  Tho2 b l a n k e t  i t  i s  s m a l l e r  by 3.5-7.21 t h a n  
f o r  t h e  U 0 2  b l a n k e t .  The o v e r a l l  b r eed ing  g a i n  GN ( F i g u r e  I I . 9 a )  
i n  t h e  c a s e  of a  ~ h ~  b l a n k e t  t h e n  r a n g e s  from approx imate ly  1 %  
above t o  0 .5% below t h a t  of t h e  UO b l a n k e t ,  w h i l e  f o r  t h e  Tho2 2 
b l a n k e t  it i s  a s  much a s  5% below t h a t  of t h e  U 0 2  b l a n k e t .  T h i s  
s h i f t  i n  r e g i o n  g a i n s ,  f a v o r i n g  t h e  r a d i a l  b r eed ing  g a i n  of t h e  
Th b l a n k e t s ,  i s  e x p l a i n e d  by a  r e d i s t r i b u t i o n  i n  t h e  r e g i o n  de- 
pendent  b r eed ing  r a t i o s .  F i g u r e s  I I . l O a ,  b ,  c show t h e s e  d i f -  
f e r e n c e s  i n  p e r c e n t .  BRr f o r  t h e  Th b l a n k e t s  i n c r e a s e s  from 5% 
t o  7% f o r  t h e  ~ h ~  b l a n k e t  and from 2.5% t o  5 .3% f o r  t h e  Tho, 
L 
b l a n k e t ,  w i t h  r e s p e c t  t o  t h e  U 0 2  b l a n k e t .  T h i s  i n c r e a s e  i n  BR 
r 
i s  a t  t h e  expense  of  B R c ,ax ,  w i t h  t h e  r e s u l t  t h a t  t h e  g l o b a l  
T a b l e  11.16. Region-dependent  b r e e d i n g  r a t i o s  BRn and  b r e e d i n g  
g a i n s  Gn f o r  t h e  LMFBR w i t h  v a r i o u s  r a d i a l  b l a n k e t s ,  
a s  a f u n c t i o n  o f  t h e  b l a n k e t  r e s i d e n c e  t i m e .  
R a d i a l  b l a n k e t  B r e e d i n g  r a t i o  B r e e d i n g  g a i n  
r e s i d e n c e  t i m e  
B% BRr BRc, a x  G~ Gr G ( d a y s )  c , a x  
UO b l a n k e t  
-2 
21 9 1.3926 0.2180 1.1746 0.3883 0.1927 0.1961 
803 1 .3916 0.2310 1 .I206 0.3509 0.1636 0.1873 
1387 1.3162 0.2412 1.0750 0.3176 0.1365 0.1811 
Tho b l a n k e t  
-2 
219 1.3948 0.2235 1.171 3 0.3927 0.2037 0.1890 
~ h ~  b l a n k e t  
b r e e d i n g  r a t i o  B% i n  t h e  case o f  t h e  ~ h ~  b l a n k e t  e x h i b i t s  n o  
s i g n i f i c a n t  d i f f e r e n c e  f r o m  t h a t  o f  t h e  U02 b l a n k e t  (a s l i g h t  
i n c r e a s e  by 0 . 5 % ) ,  and  t h e  d i f f e r e n c e  i n  B% be tween  t h e  Tho2 
b l a n k e t  and  t h e  U02 b l a n k e t  d e c r e a s e s  f rom +0.25% t o  -1.25$, 
d e p e n d i n g  on  t h e  r a d i a l  b l a n k e t  r e s i d e n c e  t i m e .  
These  o b s e r v a t i o n s  s e r v e  t o  i l l u s t r a t e  t h a t  t h e  u s e  o f  t h o -  
r i u m  i n  t h e  FBR r a d i a l  b l a n k e t  c a u s e s  a s h i f t  i n  t h e  d i s t r i b u t i o n  
o f  t h e  r e g i o n  b r e e d i n g  r a t i o s ,  i n  t h e  s e n s e  t h a t  t h e  r a d i a l  
b r e e d i n g  r a t i o  BRr i s  somewhat i n c r e a s e d  a t  t h e  e x p e n s e  of  t h e  
c o r e  and  a x i a l  b r e e d i n g  r a t i o s  B R c I a x .  The g l o b a l  b r e e d i n g  
r a t i o  B% c h a n g e s  o n l y  i n s i g n i f i c a n t l y ,  however .  T a b l e  11.17 re- 
p r o d u c e s  t h e  r e g i o n - d e p e n d e n t  d i s c h a r g e  e x c e s s  f i s s i l e  f u e l  o f  
t h e  FBR i n v e s t i g a t e d ,  a v e r a g e d  o v e r  f i v e  bu rnup  c y c l e s  o f  t h e  r a -  
d i a l  b l a n k e t .  

T a b l e  11 .17 .  D i s c h a r g e d  ( o r  u n l o a d e d )  excess f i s s i l e  f u e l  a v e r -  
aged o v e r  f i v e  c y c l e s ,  p e r  GW (e)  . 
Discharged  f i s s i l e  f u e l *  ( k g / y r )  * *  
Core  and  a x i a l  
R a d i a l  b l a n k e t  R a d i a l  b l a n k e t  R e a c t o r  
b l a n k e t  
*1 y e a r  = 292 d a y s  = 1  c y c l e .  
* * I n c l u d e s  un loaded  U235 
Here, t h e  same c h a r a c t e r i s t i c s  are o b s e r v e d  as  f o r  G r ,  G c I a x ,  
and GN. Accord ing  t o  t h e  f i r s t  column i n  t h e  t a b l e ,  less e x c e s s  
Pu239/Pu241 i s  u n l o a d e d  f rom t h e  c o r e  and a x i a l  b l a n k e t  r e g i o n s  
i n  t h e  case o f  t h e  t h o r i u m  b l a n k e t s ;  b u t  more f i s s i l e  f u e l  i s  
a t  t h e  same t i m e  d i s c h a r g e d  from t h e  r a d i a l  b l a n k e t s 9 .  The 
t o t a l  e x c e s s  f i s s i l e  f u e l  d i s c h a r g e d  i s  s l i g h t l y  less f o r  e i t h e r  
t h o r i u m  b l a n k e t :  250.6 k g / y r  f o r  t h e  U 0 2  b l a n k e t ,  246.4 k g / y r  
f o r  t h e  ~ h ~  b l a n k e t ,  and 242.4 k g / y r  f o r  t h e  Tho, b l a n k e t  ( o r  
L. 
1 .68% l e s s  f o r  t h e  ~ h ~  b l a n k e t  and 3 .27% less f o r  t h e  Tho2 b l a n -  
k e t ) .  
1 1 . 9 .  THE GLOBAL B R E E D I N G  RATIO B% 
I n  c o n n e c t i o n  w i t h  t h e  above  d i s c u s s i o n  on t h e  impac t  o f  
r a d i a l  t h o r i u m  b l a n k e t s  on  t h e  r e g i o n - d e p e n d e n t  b r e e d i n g  r a t i o s  
BRn, it i s  o f  i n t e r e s t  t o  examine i n  more d e t a i l  t h e  e f f e c t s  
r e s p o n s i b l e  f o r  t h e  change  i n  S R N  when t h e  U 0 2  b l a n k e t  i s  re- 
p l a c e d  by t h o r i u m  b l a n k e t s .  
9  The r e a s o n a b l e  a s s u m p t i o n  made h e r e  is t h a t  Pa233 d e c a y s  com- 
p l e t e l y  t o  U233. 
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Figure 11.11. LMFBR global nuclear parameters for various radial blankets as a function 
of the radial blanket residence time. 
This  can b e s t  be analyzed and i l l u s t r a t e d  by comparing t h e  
g l o b a l  nuc l ea r  parameters  q I N P N ,  e t c .  f o r  t h e  v a r i o u s  r e a c t o r  
c o n f i g u r a t i o n s .  R e c a l l  t h a t  t h e s e  parameters  have a l s o  been 
recommended a s  r e f e r e n c e  parameters  f o r  comparing d i f f e r e n t  FBR 
d e s i g n s  wi th  r e s p e c t  t o  t h e  g l o b a l  b reed ing  r a t i o  B%. The 
r e l e v a n t  r e l a t i o n  w a s  d e r i v e d  i n  Appendix I :  
with  
where ( V F )  i s  t h e  normal ized neu t ron  produc t ion  by means of  N T 
f a s t  f i s s i o n ;  2$ t h e  normal ized a b s o r p t i o n  by f i s s i l e  i s o -  
t o p e s  ; I i s  averaged ove r  a l l  f i s s i l e  i s o t o p e s  and a l l  zones; N 
and PN i s  t h e  sum of a l l  f r a c t i o n a l  p a r a s i t i c  neu t ron  l o s s e s  due 
t o  l eakage  from t h e  r e a c t o r  L ,  a b s o r p t i o n  i n  t h e  s t r u c t u r a l  
m a t e r i a l  S t ,  f i s s i o n  p roduc t s  FP, sodium and oxygen MI C i n  t h e  
c o n t r o l  r o d s ,  and a  remainder  R account ing  f o r  t h e  a b s o r p t i o n  
i n  Pu242, Np237, e t c .  
I I . 9 . a .  I n f l u e n c e  of t h e  Various  Radia l  Blanke ts  on t h e  
Global  Nuclear Parameters  Determining B% 
The g l o b a l  n u c l e a r  parameters  of Equat ion (11-5r a r e  l i s t e d  
i n  Table  11.18 and p l o t t e d  i n  F igu re  11.11 f o r  t h e  t h r e e  b l a n k e t  
c o n f i g u r a t i o n s  of t h e  FBR i n v e s t i g a t e d .  The p a r a s i t i c  neu t ron  
l o s s e s  PN a r e  s p l i t  up i n t o  t h e i r  components, showing t h e  i n -  
f l u e n c e  of t h e  d i f f e r e n t  b l a n k e t  m a t e r i a l s  on t h e s e  parameters .  
Compare t h e  g l o b a l  b reed ing  r a t i o  B%, c a l c u l a t e d  on t h e  b a s i s  
of Equat ion 11-5, w i th  t h e  r e s u l t s  of  t h e  burnup c a l c u l a t i o n s  i n  
t h e  l a s t  two columns of  Table  11.18: f o r  t h e  burnup c a l c u l a t i o n s ,  
BRN i s  determined from t h e  r a t i o  of t h e  r e a c t i o n  r a t e s ,  Equat ion 
( I - l ) ,  which i s  used t o  v e r i f y  t h e  v a l i d i t y  of Equat ion (11 -5 ) .  
The i n f l u e n c e  o f  t h e  d i f f e r e n t  b l a n k e t s  on t h e  g l o b a l  
b r e e d i n g  r a t i o  B% i s  b e s t  u n d e r s t o o d  by c o n s i d e r i n g  e a c h  t e r m  
i n  E q u a t i o n  ( 1 1 - 5 ) .  The g l o b a l  q i  a v e r a g e d  o v e r  a l l  f i s s i l e  
i s o t o p e s  a n d  r e g i o n s  i s  shown i n  F i g u r e  1 I . l l a .  
I d e c r e a s e s  w i t h  t h e  b l a n -  I n  t h e  case o f  t h e  U 0 2  b l a n k e t ,  q N  
k e t  r e s i d e n c e  t i m e .  T h i s  i s  so b e c a u s e  as  Pu239 a c c u m u l a t e s  i n  
t h e  r a d i a l  b l a n k e t  r e g i o n ,  where  t h e  'I: v a l u e  o f  Pu239 i s  smaller 
t h a n  i t s  i n  t h e  core r e g i o n ,  t h e  i s o t o p e -  and  r e g i o n - w e i g h t e d  
I q N  d e c r e a s e s .  I i s  t h u s  l a r g e s t  f o r  a f r e s h  U 0 2  r a d i a l  b l a n k e t ,  
'IN 
which  c o n t a i n s  no  Pu239. 
A s  f o r  t h e  t h o r i u m  b l a n k e t s ,  I d o e s  n o t  d e c r e a s e  s o  much 
i o~ 
s i n c e  q r  h a s  b e e n  shown t o  b e  l a r g e r  f o r  U233 t h a n  f o r  Pu239 
( F i g u r e  1 1 . 6 )  . T h i s  i s  r e f l e c t e d  by F i g u r e  1 1 . 1  l a :  f o r  t h e  ~ h ~  
I r e m a i n s  almost c o n s t a n t  as U233 is  b e i n g  b u i l t  u p  and  b l a n k e t ,  q N  
consumed. T h i s  i s  c l e a r l y  d u e  t o  t h e  f a c t  t h a t  t h e  'I; v a l u e  of  
U233 i n  t h e  ~ h ~  b l a n k e t  i s  almost as l a r g e  as t h e  c o r r e s p o n d i n g  
Pu239/Pu241 v a l u e  i n  t h e  core zone .  T h i s  i s  c o n f i r m e d  by t h e  
i i d a t a  i n  T a b l e  1 1 . 1 9 ,  l i s t i n g  t h e  'I:, v n ,  and  ( 1  + a )  v a l u e s  o f  
t h e  f i s s i l e  i s o t o p e s  Pu239,  Pu241,  U235, and  U233 i n  t h e  v a r i o u s  
r e a c t o r  r e g i o n s .  
i N o t e ,  f i r s t  o f  a l l ,  t h e  smaller o r  v a l u e  o f  Pu239 i n  t h e  
b l a n k e t  r e g i o n  (2 .121  ) a s  compared t o  i t s  o f  i n  t h e  c o r e  r e g i o n  
( 2 . 3 2 7 ) .  T h i s  is  r e f l e c t e d  by t h e  d e c r e a s e  i n  c i  i n  t h e  case o f  
t h e  U 0 2  b l a n k e t  ( F i g u r e  1 1 . 1  1 a )  . 
i The o r  v a l u e s  o f  U233 i n  t h e  Tho2 and  ~ h ~  b l a n k e t s  ( 2 . 2 3 0  
and  2 . 2 8 5 )  a n d  t h a t  o f  Pu239 i n  t h e  U 0 2  b l a n k e t  ( 2 . 1 2 1 )  r e f l e c t  
c l e a r l y  t h e  s u p e r i o r  n u c l e a r  f u e l  u t i l i z a t i o n  c h a r a c t e r i s t i c s  o f  
U233 i n  t h e  r a d i a l  b l a n k e t  r e g i o n .  
i Comparing t h e  c o r e  r e g i o n - d e p e n d e n t  o v a l u e s  o f  U233 a n d  
C 
Pu239,  o n e  o b s e r v e s  o n l y  a s l i g h t l y  larger v a l u e  f o r  Pu239 ( 2 . 3 2 7 )  
t h a n  f o r  U233 ( 2 . 2 9 7 ) .  Thus  u s e d  i n  t h e  FBR c o r e  r e g i o n ,  t h e s e  
f i s s i l e  f u e l s  e x h i b i t  n u c l e a r  p r o p e r t i e s  t h a t  d o  n o t  d i f f e r  s i g -  
n i f i c a n t l y .  
T a b l e  11.20 shows t h e  i m p a c t  o f  n e u t r o n  f l u x  d e g r a d a t i o n  
i i n  t h e  b l a n k e t  r e g i o n  on  a n d  q : f o r  U233 i n  t h e  o x i d e  
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and m e t a l  f u e l  b l a n k e t s  and f o r  Pu239 i n  t h e  o x i d e  f u e l  b l a n k e t ,  
f o r  t h e  f i r s t  and second rows of b l a n k e t  f u e l  e l e m e n t s .  i 
r 
f o r  
Pu239 d r o p s  v e r y  r a p i d l y  by 0 .142  from 2.155 i n  R1 t o  2.013 i n  
i R2, whereas  n r  f o r  U233 is reduced  by o n l y  0.046 i n  t h e  c a s e  of  
t h e  Tho2 b l a n k e t  and by o n l y  0.027 i n  t h e  c a s e  of t h e  ~ h ~  b l a n k e t .  
T h i s  p o i n t s  t o  a  r e l a t i v e l y  f l a t t e r  d e c r e a s e  i n  n ( E )  f o r  U233 as 
compared t o  Pu239 (see F i g u r e  1 1 . 6 ) .  
The d e c r e a s e  i n  t h e  fast-fission c o n t r i b u t i o n  due  t o  Th232 
i n  t h e  r a d i a l  b l a n k e t  and i t s  e f f e c t  on  t h e  t o t a l  f a s t  f i s s i o n  
a r e  d e m o n s t r a t e d  i n  F i g u r e  I I . l l b ,  showing t h e  f a s t - f i s s i o n  
J I 
c o n t r i b u t i o n  V F ~ / % .  The Tho2 b l a n k e t  c l e a r l y  d i s p l a y s  t h e  s m a l l e s t  
- 
s h a r e ;  t h a t  o f  t h e  b l a n k e t  l ies  between t h e  c o n t r i b u t i o n s  of  
t h e  Tho2 and U 0 2  b l a n k e t s .  A s  can  be  s e e n ,  t h e  h a r d e r  n e u t r o n  
s p e c t r u m  i n  t h e  m e t a l  b l a n k e t  c a n  o n l y  p a r t i a l l y  compensate  
f o r  t h e  reduced  f a s t  f i s s i o n  i n  Th232. 
The sum n B  o f  t h e  two n e u t r o n  p r o d u c t i o n  terms n1 and N 
V F ~ / <  i s  p l o t t e d  i n  F i g u r e  1 1 . 1  1 c.  A s  c a n  be  s e e n ,  t h e  a d v a n t a g e  
o f  t h e  h i g h e r  n i  v a l u e s  o f  t h e  t h o r i u m  b l a n k e t s  i s  v i r t u a l l y  
compensated f o r  by t h e i r  lower  f a s t - f i s s i o n  c o n t r i b u t i o n s .  The 
U 0 2  b l a n k e t  h a s  t h e  h i g h e s t  n B  v a l u e ;  it is  c l o s e l y  f o l l o w e d  by 
t h e  ~ h ~  b l a n k e t .  The Tho2 b l a n k e t  h a s  t h e  s m a l l e s t  n B  v a l u e .  
T h i s  i s  t h e  c a u s e  of t h e  s l i g h t l y  s m a l l e r  B% f o r  t h e  thor ium 
b l a n k e t  t h a n  f o r  t h e  U 0 2  b l a n k e t .  
T h i s  d e m o n s t r a t e s  t h a t  t h e  improved f i s s i l e  f u e l  u t i l i z a t i o n  
of U233 i n  t h e  r a d i a l  b l a n k e t  i s  comple tey  overshadowed by t h e  
d i m i n i s h e d  f a s t - f i s s i o n  n e u t r o n  p r o d u c t i o n  i n  t h e  t h o r i u m  b l a n k e t s .  
T h i s  n e g a t i v e  e f f e c t  o f  d e c r e a s e d  f a s t  f i s s i o n  i s  even  much more 
dominant  i f  t h e  H/D r a t i o  i s  l a r g e r ,  o r  i f  Th232 i s  p l a c e d  i n  re- 
a c t o r  r e g i o n s  s u c h  a s  t h e  c o r e  r e g i o n ,  whose f a s t - f i s s i o n  c o n t r i -  
b u t i o n s  a r e  of  s i g n i f i c a n t  impor tance  f o r  t h e  t o t a l  n e u t r o n  p ro -  
d u c t i o n .  
P l a c i n g  Th232 i n  t h e  c o r e  r e g i o n  w i l l  t h e r e f o r e  d r a s t i c a l l y  
J I 
r e d u c e  t h e  vFN/% component o f  n d e c r e a s i n g  B s  s i g n i f i c a n t l y .  B '  
The p a r a s i t i c  l o s s e s  P  f o r  t h e  t h r e e  b l a n k e t s  do  n o t  d i f f e r  N 
g r e a t l y ,  a l t h o u g h  t h e  PN of t h e  ~ h ~  b l a n k e t  i s  s l i g h t l y  h i g h e r  
( T a b l e  1 1 . 1 8 ) .  T h i s  c a n  be  e x p l a i n e d  by t h e  l a r g e r  n e u t r o n  
l e akage  l o s s e s  L f o r  t h e  ~ h ~  b l a n k e t ,  which a r e  p l a u s i b l e  because  
of  t h e  h a r d e r  n e u t r o n  spec t rum o f  t h e  m e t a l  b l a n k e t ,  which en- 
hances  n e u t r o n  d i f f u s i o n  t h rough  t h e  b l a n k e t  r e g i o n .  
I n  Equa t ion  (11-5)  t h e  f e r t i l e  f i s s i o n  r a t e  F; behaves  t h e  
same way a s  t h e  p a r a s i t i c  n e u t r o n  l o s s  t e r m  PN. The sum o f  
(P + F ~ )  i s  p l o t t e d  i n  F i g u r e  11. l l e ,  showing t h a t  t h e  U 0 2  b l a n k e t  N N 
has  t h e  l a r g e s t  sum because  o f  t h e  g r e a t e r  number of f a s t  f i s s i o n s .  
T h i s  f a c t  p a r t i a l l y  compensates  f o r  t h e  l a r g e r  ilB v a l u e  f o r  t h e  
U02 b l a n k e t s ,  w i th  t h e  r e s u l t  t h a t  t h e  g l o b a l  b r e e d i n g  r a t i o s  BRN 
f o r  t h e  v a r i o u s  b l a n k e t  c o n f i g u r a t i o n s  d i f f e r  o n l y  s l i g h t l y  
( F i g u r e  I I . 1 1 f ) .  The p e r c e n t a g e  d i f f e r e n c e s  i n  B% are p l o t t e d  
i n  F i g u r e  1 I . lOa .  
The above d i s c u s s i o n  ha s  demons t ra ted  f i r s t  o f  a l l  t h a t  t h e  
e f f e c t s  on t h e  g l o b a l  b r e e d i n g  r a t i o  B% o f  p l a c i n g  d i f f e r e n t  
f i s s i l e  o r  f e r t i l e  f u e l s  i n  t h e  v a r i o u s  FBR r e g i o n s  can  be 
made t r a n s l u c e n t  by comparing t h e  g l o b a l  n u c l e a r  p a r a m e t e r s  o f  
Equa t ion  ( 1 1 - 5 ) .  Secondly--a p o i n t  more r e l e v a n t  t o  t h e  p r e s e n t  
d i s c u s s i o n - - s e v e r a l  oppos ing ,  b u t  l a r g e l y  compensa t ing ,  e f f e c t s  
have been shown t o  be t h e  c a u s e  o f  t h e  s a m l l  d i f f e r e n c e s  i n  t h e  
g l o b a l  b r eed ing  r a t i o  B% between t h e  U 0 2  b l a n k e t  and t h e  t ho r ium 
b l a n k e t s .  The n e t  d i f f e r e n c e s  obse rved  i n  B% o f  a b o u t  0 . 01 ,  o r  
abou t  1  p o i n t ,  a r b  o f  no s i g n i f i c a n c e  a s  r e g a r d s  t h e  FBR i n v e s t i -  
g a t e d  h e r e .  
However, t h e  d i f f e r e n c e  i n  BG must be expec t ed  t o  be l a r g e r  
f o r  FBRs o f  l a r g e r  H/D r a t i o s ,  o r  f o r  FBRs i n  which t h e  c o n t r i -  
b u t i o n  of  t h e  r a d i a l  b r e e d i n g  r a t i o  BRr i s  o f  g r e a t e r  impor tance ,  
i .e .  where BRr makes up more t h a n  20% o f  BRN, a s  i s  t h e  case w i t h  
SNR 300. I n  a d d i t i o n ,  thor ium b l a n k e t s  have  been found t o  c a u s e  
a  r e d i s t r i b u t i o n  o f  t h e  r e g i o n  b r e e d i n g  r a t i o s  and r e g i o n  b reed-  
i n g  g a i n s .  BRr and Gr b o t h  i n c r e a s e d  a t  t h e  expense  of  BRc 
I ax  
and Gc 
, ax  ' 
I I . 9 . b .  B% o f  Other  FBR Des igns  i n  T e r m s  of  T h e i r  G loba l  
Nuc lea r  Pa r ame te r s  
Before  t h e  d i s c u s s i o n  of  t h e  e f f e c t s  of  t ho r ium b l a n k e t s  
on FBR performance is c o n t i n u e d ,  t h e  g l o b a l  b r e e d i n g  r a t i o s  
B% o f  some o t h e r  FBR d e s i g n s  a r e  compared and ana lyzed  i n  t e r m s  
o f  t h e i r  g l o b a l  n u c l e a r  p a r a m e t e r s .  T h i s  comparison s h o u l d  
s e r v e ,  f i r s t l y ,  t o  d e m o n s t r a t e  t h e  u s e f u l n e s s  o f  E q u a t i o n  (11-5) 
f o r  t h i s  t y p e  o f  a s s e s s m e n t ,  a n d ,  s e c o n d l y ,  t o  e x p l o r e  t h e  c a u s e s  
o f  t h e  wide r a n g e  o f  B% v a l u e s  o b t a i n e d  w i t h  FBR d e s i g n s  c u r -  
r e n t l y  under  d i s c u s s i o n .  
Tab le  11.21 r e p r o d u c e s  g l o b a l  n u c l e a r  p a r a m e t e r s  o f  some 
c u r r e n t  FBR d e s i g n s o  The d e s i g n s  l i s t e d  are f u e l e d  w i t h  U238 
and Pu239 i s o t o p e s ,  e x c e p t  f o r  one u s i n g  Th232/U233. The t a b l e  
a l s o  g i v e s  t h e  m a t e r i a l  c o m p o s i t i o n  i n  volume f r a c t i o n s  o f  f u e l  
w, s t r u c t u r a l  and c l a d d i n g  material B ,  and c o o l a n t  a ,  t o  t h e  
e x t e n t  such  d a t a  w e r e  a v a i l a b l e .  
The g l o b a l  b r e e d i n g  r a t i o s  B% o f  t h e  Pu02/U02-fueled  FBRs 
a r e  shown t o  v a r y  o v e r  a  s u r p r i s i n g l y  wide r a n g e ,  from 0 .92  t o  
1 .45 .  T h i s  l a r g e  v a r i a n c e  i s  due t o  a  number o f  FBR des ign-  
s p e c i f i c  c h a r a c t e r i s t i c s ,  s u c h  a s  l a r g e  s t r u c t u r a l  m a t e r i a l  
c o n t e n t ,  degraded  n e u t r o n  s p e c t r u m ,  o r  l a r g e  p a r a s i t i c  n e u t r o n  
l o s s e s .  A means o f  c o n v e n i e n t l y  a n a l y z i n g  and e x p l a i n i n g  such  
d i f f e r e n c e s  between FBR d e s i g n s  i s  t o  compare t h e i r  g l o b a l  
n u c l e a r  p a r a m e t e r s .  
A s  d i s c u s s e d  i n  t h e  p r e v i o u s  s u b s e c t i o n ,  B% i s  p r i m a r i l y  
d e t e r m i n e d  by n B  and PN, t h e  t o t a l  number o f  n e u t r o n s  r e l e a s e d  
p e r  f i s s i l e  and f e r t i l e  f u e l  a b s o r p t i o n ,  and t h e  f r a c t i o n a l  
p a r a s i t i c  l o s s e s .  
n~ i t s e l f  depends  on two p a r a m e t e r s  g i v e n  i n  E q u a t i o n  11-5. 
Column 7  i n  T a b l e  11.21 r e v e a l s  a  v a r i a n c e  o f  25 p o i n t s  i n  V B  
f o r  t h e  Pu02/U02-fueled FBR d e s i g n s ,  r a n g i n g  from 2.96 t o  2 .74 .  
T h i s  u n e x p e c t e d l y  l a r g e  v a r i a n c e  i s  e s s e n t i a l l y  d u e  t o  t h e  wide 
J I r a n g e  o f  0 . 4 1  t o  0.58 o f  t h e  f a s t - f i s s i o n  c o n t r i b u t i o n  vFN/AN 
of t h e  f e r t i l e  i s o t o p e  U238--a d i f f e r e n c e  by i t s e l f  o f  17 p o i n t s - -  
I 
and n o t  s o  much t o  n N ,  which v a r i e s  o n l y  by 13 p o i n t s ,  r a n g i n g  
from 2.25 t o  2.38.  The d i f f e r e n c e  na r rows  down t o  o n l y  8  p o i n t s  
i n  t h e  case o f  4 f o r  LMFBRs and GCFBRs, i f  t h e  GCFBR d e s i g n  o f  
Kra f twerk  Union E r l a n g e n ,  FRG, i s  e x c l u d e d .  
P~ ' t h e  sum o f  a l l  p a r a s i t i c  n e u t r o n  l o s s e s  o f  t h e  r e a c t o r ,  
v a r i e s  by a  s u r p r i s i n g l y  wide m a r g i n ,  r a n g i n g  from 0.10 t o  0 . 2 5 ,  
t h e  l a t t e r  i m p l y i n g  t h a t  25% o f  a l l  t h e  n e u t r o n s  i s  l o s t  by some 
Table II,21, Nuclear g l o b a l  parameters  of some c u r r e n t  FBR des igns .  
D e s i y a a t i o n  C o r e  v u l u n ~ e  J ( u F )  
f r a c t i o n s  PN = ( L  + FP + S t  + R) 
I 
I'N A; " B  'N I. FP S t  R * N B%+* D % t  P  +EN 
- - - . - - . . - . -. - .- 
G W ( e )  1 0 [I 
. - - -. - - - .-  . - - - . -- - - - . - -  
-. - - - -- 
_ _  _ - _ _ = = _ _ _ _  :__;-. - . ---_ -_;_ -_L- --_ .- . ._ 
. ,~ ------. .. 
O x i d e - f u e l e d  LMFBR 
( 1 )  SNR 3 0 0  0 . 3  . 3 3 6  . I 9 1  . 4 7 3  2 .331  . 4 1 0  2 .741  . 2 4 7 9  . 0 6 5 9  .0119  .0968  0 .733 '  .2987 0 .9224  0 . 7 5 3  
( 2 )  SNR-2 2 . 0  .391 . 2 3 0  . 3 8 0  2 .298  . 5 1 9  2 .817  . I 5 3 4  . 0 1 3 5  .2297 1 . 1 7  0 . 9 4 5  
(homogeneous  ) 
( 3 )  SNR-2 1 . 0  . 3 7 1  . 2 2 3  . 4 0 6  2 . 3 2 9  .577 2 .906 . I 2 9 1  -0212  .0197  . 0 5 9 0  .0292  -19114 1 .341 1 .028  
( h e t e r o  e n e o u s )  
( 4 )  GE ( 1 9 6 i )  1  .O .467  . I 4 9  . 351  2 .336  . 5 9 9  2 . 9 3 5  . I 2 7 7  . 0 3 0 9  .0294 - 0 4 3 3  -0241 . I 9 8 4  1 .3532  1 . 0 3 7  
. ( 5 )  CBR a s s o c i a t i o n  1  . 2  . 3 4 6  . 2 0 3  2 . 2 5 3  -1158 2 .711 . I 1 3  . 032  .0215 - 0 5 6 5  .003  . I 7 3 8  1 .2396  0 . 9 9 8  
O x i d e - f u e l e d  GCFU2 
( 6 )  GDR a s s o c i a t i 0 1 1  1 . 2  . 2 7 3  . I 1 9  2 .339 . 581  2 . 9 2 0  - 0 9 7 9  . 0 3 9  . 018  , 0 4 1  . I 6 9 5  1 . 4 2 4 8  1 . 1 1 0  
( 7 )  KWU 1  .O 2 .381  . 5 8 3  2 .964  . I 1 0 5  . 0376  .0127  . 0 6 0 2  . I 7 3 4  1 . 4 5  1 . 1 1 8  I 
4 
P t ( 2  1 L 'sa t~ ,?~ , :s  - ,r),232,,'11., , ,, m 
-- - . . . . - . . - -- 
I 
M o l t e n  s a l t  b r e e d e r  r ~ : ~ l c L  U! 
-- ( 8 )  MSBR 2 .195  .0255 2.2205 . 0 7 3 5  . 0 0 0 5  - 0 1 5  .0281tt .0300 .0764 1 . 0 5  1 .034 
-- - - - P - - --- -- - 
R e f e r r r l c e s  + R  i n c l u d e s  a b s o r p t i o n  i n  t h e  c o o l a n t ,  c o n t r o l  
r o d s ,  Pu242 ,  etc .  F o r  SNR 3 0 0 ,  t h e  loss i n  t h e  ( 1  S c h i k o r r  ( 1 9 7 3 ) .  c o n t r o l  r o d s  = 0 . 6 7 0 .  
( 2 )  P e r s o n a l  c o m m u n i c a t i o n  E .  K i e f h a L e r ,  K e r n f o r -  * * E q u a t i o n  ( 1 1 - 5 ) .  
s c h u n g s z e n t r u r n  K a r l s r u h e ,  FHG ( 1 9 7 5 ) .  J t w i t h o u t  f a s t  f i s s i o n ,  i .e .  FN = 0. ( 3 )  Wetunann and  S t e h l e n  ( 1 9 7 5 ) .  t t A b s o r p t i o n  i n  c a r r i e r  s a l t .  
( 4 )  G e n e r a l  E l e c t r i c  ( 1 9 6 8 ) .  
( 5 )  V i e i d i e r  ( 1 9 7 4 ) .  
( 6 )  V i e i d i e r  ( 1 9 7 4 ) .  
( 7 )  K r a f t w e r k s u n i o n  E r l a n g e n  ( 1 9 7 4 )  . 
( 8 )  K a s t c n  e t  d l .  ( 1 9 6 8 ) .  
p a r a s i t i c  p r o c e s s ,  i n s t e a d  o f  b e i n g  u t i l i z e d  i n  t h e  b r e e d i n g  pro-  
cess by way of  c a p t u r e  i n  t h e  f e r t i l e  f u e l .  The l a r g e s t  f r a c t i o n  
(40-50%) of  PN c a n  be  e x p l a i n e d  by t h e  a b s o r p t i o n  l o s s e s  i n  t h e  
s t r u c t u r a l  m a t e r i a l  S t . ,  w i t h  S t  r a n g i n g  from 0.04 t o  0.10. Then 
f o l l o w  t h e  l e a k a g e  l o s s e s  L (20-30%) ,  r a n g i n g  f r o m  0.01 t o  0 .06 ,  
and t h e  r e l a t i v e l y  s m a l l  ( - 2 0 % )  p a r a s i t i c  a b s o r p t i o n s  i n  t h e  
f i s s i o n  p r o d u c t s  - FP, r a n g i n g  from 0.01 t o  0 .02 .  
None o f  t h e s e  FBR p a r a s i t i c  l o s s  components can  b e  s i g n i f i -  
c a n t l y  a l t e r e d  o r  r e d u c e d  w i t h o u t  ma jo r  t e c h n o l o g i c a l  i n n o v a t i o n s .  
A p r a c t i c a b l e  p o s s i b i l i t y  would b e  t o  r e d u c e  t h e  S t  component,  
b u t  t h i s  would mean t o  u s e  less s t r u c t u r a l  m a t e r i a l  i n  t h e  c o r e ,  
which i s  d i f f i c u l t  t o  implement w i t h o u t  improving t h e  burnup 
c h a r a c t e r i s t i c s  of FBR f u e l  and c l a d d i n g  m a t e r i a l s .  The l e a k a g e  
l o s s e s  L and f i s s i o n  p r o d u c t  a b s o r p t i o n s  FP f o r  l a r g e  FBRs a r e  
a l r e a d y  a s  low a s  i s  p r a c t i c a b l e .  The p a r a s i t i c  l o s s e s  PN a r e  
t h e r e f o r e  r e l a t i v e l y  f i x e d  f o r  t h e  FBR, which i s  i n  c o n t r a s t  t o  
p r e s e n t  day  t h e r m a l  r e a c t o r s ,  s p e c i f i c a l l y  t h e  HTR, i n  which 
some of  t h e  p a r a s i t i c  l o s s  components can  indeed  be  i n f l u e n c e d  
f a v o r a b l y  w i t h o u t  much d i f f i c u l t y .  
The p a r a s i t i c  f i s s i o n - p r o d u c t  a b s o r p t i o n  component FP o f  
t h e  HTR r e a c t o r  t y p e  c a n  be  s i g n i f i c a n t l y  r educed  by s i m p l y  
d e c r e a s i n g  t h e  f u e l  burnup.  S i n c e  it r e p r e s e n t s  t h e  l a r g e s t  
p a r a s i t i c  l o s s  component o f  t h e  r e a c t o r  ( - 8 0 %  o f  a l l  l o s s e s ) ,  
t h i s  r e d u c t i o n  w i l l  s i g n i f i c a n t l y  improve t h e  c o n v e r s i o n  r a t i o  
and t h u s  t h e  f i s s i l e  f u e l  u t i l i z a t i o n  (see C h a p t e r  111). A t  
t h i s  p o i n t  it s u f f i c e s  t o  r e c o g n i z e  t h a t  none of  t h e  p a r a s i t i c  
l o s s  components o f  t h e  FBR c a n  be a l t e r e d  o r  reduced a s  con- 
v e n i e n t l y  a s  i s  t h e  c a s e  w i t h  t h e  HTR. 
The o n l y  way o f  s i g n i f i c a n t l y  i n f l u e n c i n g  t h e  B% o f  t h e  
FBR is  by chang ing  t h e  n e u t r o n  p r o d u c t i o n  term n B  i n  E q u a t i o n  
I J I (11-5) .  T h i s  means t o  change e i t h e r  q o r  vFN/AN, o r  b o t h .  S i n c e  N 
b o t h  p a r a m e t e r s  a r e  d e t e r m i n e d  by t h e  f i s s i l e  and f e r t i l e  i s o -  
t o p e s ,  one c a n  i n f l u e n c e  BRN e i t h e r  by s e l e c t i n g  t h e  c o m b i n a t i o n s  
o f  f i s s i l e  and f e r t i l e  f u e l s  most  f a v o r a b l e  i n  t h e  v a r i o u s  FBR 
J I 
r e g i o n s ,  i n  o r d e r  t o  i n c r e a s e  q1 N a n d / o r  v F N / % ,  o r  by i n c r e a s i n g  
t h e s e  v a l u e s  i n  some o t h e r  ways, f o r  example ,  by h a r d e n i n g  t h e  
n e u t r o n  spec t rum i n  t h e  c o r e  o r  b l a n k e t  r e g i o n s .  
The most u n f a v o r a b l e  n e u t r o n  u t i l i z a t i o n  i n  t h i s  r e s p e c t  i s  
t h a t  o f  t h e  LMFBR p r o t o t y p e  SNR 300. I t  h a s  t h e  h i g h e s t  pa ra -  
s i t i c  l o s s e s  w i t h  PN = 0 . 2 5 ;  t h i s  i s  due t o  u n u s u a l l y  h i g h  
l e a k a g e  l o s s e s  L  of  0 . 0 6 6 ,  l a r g e  p a r a s i t i c  l o s s e s  i n  t h e  s t r u c -  
t u r a l  m a t e r i a l  S t  o f  0 .097 ,  and l a r g e  l o s s e s  d u e  t o  c o n t r o l  r o d  
a b s o r p t i o n  o f  0 .067 ,  which a r e  i n c l u d e d  i n  t h e  R t e r m .  I ts  low 
B% of  o n l y  0 .92  is  l a r g e l y  a  r e s u l t  o f  t h e s e  s i g n i f i c a n t  pa ra -  
s i t i c  l o s s e s .  The l e a k a g e  l o s s e s ,  f o r  example,  c o u l d  b e  reduced  
c o n s i d e r a b l y  t o  a b o u t  0 .03  by a d d i t i o n  of a  row o f  r a d i a l  b l a n k e t  
e l e m e n t s .  T h i s  would a t  t h e  same t ime  r e d u c e  t h e  n e u t r o n  l o s s e s  
i n  t h e  s t r u c t u r a l  m a t e r i a l ,  s i n c e  a s  much a s  0 .035  (36% o f  S t )  
is  a s c r i b e d  t o  s t r u c t u r a l  m a t e r i a l  a b s o r p t i o n  l o s s e s  i n  t h e  
n e u t r o n  r e f l e c t o r s .  A t h i c k e r  r a d i a l  b l a n k e t  would d e c r e a s e  
b o t h  L and S t  l o s s e s  by a l t o g e t h e r  a b o u t  0 . 0 4 3 ,  t h e r e b y  i n c r e a s -  
i n g  B% t o  1 .04 .  The SNR 300 c o n t r o l  rod  l o s s e s  a r e  d i f f i c u l t  t o  
r e d u c e  s i n c e  t h e y  a r e  a n  i n h e r e n t  f e a t u r e  o f  s m a l l  FBR r e a c t o r s .  
Smal l  FBR c o r e s  need a l a r g e  e x c e s s  r e a c t i v i t y  f o r  t h e  burnup 
swing13, which must  b e  compensated f o r  by t h e  c o n t r o l  r o d s  d u r i n g  
t h e  e a r l y  burnup p h a s e .  
The a v e r a g e  s t r u c t u r a l  m a t e r i a l  l o s s e s  a r e  a b o u t  0 . 0 5 ,  and 
t h e  a v e r a g e  l e a k a g e  l o s s e s  a b o u t  0 .035.  These v a l u e s  seem 
r e p r e s e n t a t i v e  of  l a r g e  FBR d e s i g n s  i n  t h e  1000 M W ( e )  c a t e g o r y .  
To r e d u c e  t h e  a v e r a g e  PN l o s s e s  o f  0 .13  t o  less t h a n  0.1C by a  
major  t e c h n o l o g i c a l  i n n o v a t i o n  seems j u s t i f i a b l e  i f  B% l a r g e r  
t h a n  1 . 3 0  a r e  t o  be  a t t a i n e d .  
The most  p ro found  e f f e c t  on B% c a n  b e  a c h i e v e d  w i t h  a  more 
f a v o r a b l e  n B ,  o b t a i n e d  by i n c r e a s i n g  t h e  f a s t - f i s s i o n  c o n t r i b u -  
t i o n .  A comparison o f  t h e  l a s t  two columns i n    able 11.21 , g i v i n g  
t h e  FBR g l o b a l  b r e e d i n g  r a t i o  BRN w i t h  and w i t h o u t  f a s t  f i s s i o n ,  
c l e a r l y  r e v e a l s  t h e  impor tance  o f  f a s t  f i s s i o n  f o r  FBR p e r f o r -  
mance. Without  t h e  f a s t - f i s s i o n  c o n t r i b u t i o n ,  a l l  of  t h e  FBRs 
l i s t e d  would have s e r i o u s  d i f f i c u l t i e s  i n  a t t a i n i n g  B% much 
above 1 .0 .  For  SNR 300,  B% would d r o p  from 0.92 t o  0 . 7 5 ,  f o r  
' O ~ m a l l  FBR c o r e s  g e n e r a l l y  have i n t e r n a l  c o n v e r s i o n  r a t i o s  con- 
s i d e r a b l y  less t h a n  1.0. T h i s  f e a t u r e  i n  t u r n  r e q u i r e s  a  l a r g e  
e x c e s s  r e a c t i v i t y .  
SNR-2 (homogeneous d e s i g n )  f rom 1 . 1 7  t o  0 . 9 4 ,  and  f o r  t h e  g a s -  
c o o l e d  f a s t  b r e e d e r  r e a c t o r  (GCFBR) from 1 . 2 4  t o  1 . 0 .  T h i s  
i l l u s t r a t e s  t h e  i m p o r t a n c e  o f  t h e  f a s t - f i s s i o n  c o n t r i b u t i o n  f o r  
LMFBRs . 
The f  i s s i l e  f u e l - s p e c i f i e d  n i  v a l u e s  o f  t h e  v a r i o u s  r e a c t o r  
d e s i g n s  v a r y  w i t h i n  v e r y  n a r r o w  l i m i t s ,  i . e .  f rom 2 . 3 0  t o  2 . 3 4 ,  
p r o v i d e d  t h e  t w o  e x t r e m e  v a l u e s  o f  2 . 3 8  and  2 .25  are assumed t o  
r e p r e s e n t  s p e c i a l  cases. T h i s  n a r r o w  r a n g e  i s  n o t  u n e x p e c t e d ,  
s i n c e  a l l  t h e  FBRs g i v e n  a r e  f u e l e d  w i t h  t h e  i s o t o p e s  Pu239/Pu241.  
Be ing  f u e l e d  w i t h  Pu02/U02, a l l  s u c h  d e s i g n s  c a n  b e  assumed t o  
h a v e  s imi l a r  n e u t r o n  s p e c t r a .  GCFBRs t e n d  t o w a r d  a h a r d e r  
s p e c t r u m ,  whose i n f l u e n c e  on  q1 i s  n o t  v e r y  s i g n i f c a n t .  Even 
N~ SNR 300 h a s  a  r e l a t i v e l y  h i g h  q N  o f  2 .33.  I ts  l a r g e  q i  v a l u e  
c a n  p a r t l y  b e  e x p l a i n e d  by f u e l  e n r i c h m e n t ,  w h i c h  i s  h i g h e r  
f o r  SNR 300 t h a n  f o r  l a r g e r  LMFBRs. 
The l a r g e  f l u c t u a t i o n  i n  q B ,  a n d  t h u s  i n  BRN, i s  c l e a r l y  
J I due  t o  t h e  g r e a t l y  v a r y i n g  f a s t - f i s s i o n  c o n t r i b u t i o n  V F ~ / +  
T h i s  p a r a m e t e r  v a r i e s  f rom 0 . 4 6  t o  0 . 5 8 ,  o r  12 p c i n t s ,  i f  t h e  
t w o  e x t r e m e  v a l u e s  are n e g l e c t e d .  The r e a s o n s  f o r  t h i s  l a r g e  
v a r i a t i o n  c a n n o t  b e  e x t r a c t e d  w i t h  c e r t a i n t y  f rom t h e  d a t a  
a v a i l a b l e ,  b u t  t h e r e  a p p e a r s  t o  b e  some c o r r e l a t i o n  be tween  t h e  
s t r u c t u r a l  volume f r a c t i o n  8 and  t h e  f a s t - f i s s i o n  c o n t r i b u t i o n .  
I n  a d d i t i o n ,  t h e  r a t i o  o f  !3R t o  B s  seems t o  h a v e  some i n -  
a x , r  
f l u e n c e  on  t h e  s m a l l  f a s t - f i s s i o n  c o n t r i b u t i o n  o f  0 . 4 1 0  o f  t h e  
SNR 300 r e a c t o r .  
Wi th  SNR 300 ,  a l a r g e  f r a c t i o n  o f  B s  i s  a s c r i b e d  t o  a x i a l  
and  r a d i a l  b l a n k e t  b r e e d i n g .  S i n c e  t h e  f a s t - f i s s i o n  c o n t r i b u t i o n  
i n  t h e  b l a n k e t  r e g i o n s  becomes v e r y  s m a l l  as t h e  n e u t r o n  e n e r g y  
s p e c t r u m  i s  d e g r a d e d ,  t h e  t o t a l  f a s t  f i s s i o n  becomes less i f  
b r e e d i n g  i s  s h i f t e d  t o  t h e  b l a n k e t  r e g i o n s .  
Gas -coo led  b r e e d e r s  seem t o  a c h i e v e  t h e  h i g h e s t  B . s 
T h i s  i s  u n d e r s t o o d  a s  b e i n g  d u e  t o  t h e i r  h a r d  n e u t r o n  s p e c t r a ,  
a l l o w i n g  b o t h  t h e  h i g h e s t  n i  v a l u e s  and v e r y  l a r g e  U238 f a s t -  
f i s s i o n  c o n t r i b u t i o n s .  The h a r d e r  n e u t r o n  s p e c t r u m ,  i n  c o m p a r i s o n  
t o  a  sodium-cooled  FBR, c a n  b e  e x p l a i n e d  by t h e  n a t u r e  o f  t h e  
c o o l a n t  and  t h e  a p p a r e n t l y  s m a l l  volume f r a c t i o n  o f  s t r u c t u r a l  
m a t e r i a l  o f  11 .9$,  which i s  23% f o r  a  sodium-cooled FBR of  c u r r e n t  
d e s i g n .  A s m a l l  volume f r a c t i o n  i m p l i e s  n o t  o n l y  less p a r a s i t i c  
a b s o r p t i o n  b u t  a l s o  a h a r d e r  n e u t r o n  spect rum.  An i n c r e a s e  i n  
B g e n e r a l l y  d e g r a d e s  t h e  n e u t r o n  s p e c t r u m ,  on a c c o u n t  o f  t h e  
l a r g e  s c a t t e r i n g  c r o s s  s e c t i o n s  of  t h e  s t r u c t u r a l  m a t e r i a l s ,  
t h u s  p o s s i b l y  l o w e r i n g  q B ,  a s  i s  t h e  c a s e  w i t h  Na-cooled FBRs. 
A s  i n d i c a t e d  above ,  t h e  f a s t - f i s s i o n  n e u t r o n  c o n t r i b u t i o n  
is  v e r y  c r i t i c a l  w i t h  r e s p e c t  t o  t h e  b r e e d i n g  r a t i o  B% of  any 
FBR. T h i s  i s  a l s o  u n d e r l i n e d  by t h e  d i f f e r e n c e s  between homoge- 
neous and h e t e r o g e n e o u s  c o r e  d e s i g n s .  (See  T a b l e  11.21 f o r  t h e  
homogeneous SNR-2 and t h e  h e t e r o g e n e o u s  SNR-2. ) B e s i d e s  t h e  s m a l l  
d e c r e a s e  i n  PN from 0.15 t o  0 .13  f o r  t h e  homogeneous and h e t e r o -  
geneous  d e s i g n s ,  t h e  more s i g n i f i c a n t  d i f f e r e n c e  i s  t h e  g a i n  
o f  6 p o i n t s  from 0.52 t o  0.58 i n  t h e  U238 f a s t - f i s s i o n  c o n t r i b u -  
t i o n  and o f  3  p o i n t s  i n  q i  from 2.30 t o  2.33. T h i s  f a v o r a b l e  
combina t ion  o f  a n  i n c r e a s e  i n  q B  by 9  p o i n t s  and a  s i m u l t a n e o u s  
d e c r e a s e  i n  PN by 3  p o i n t s  p e r m i t s  a  h i g h e r  B% i n  t h e  h e t e r o -  
geneous  t y p e  by up t o  20  p o i n t s .  
The s e n s i t i v i t y  o f  t h e  g l o b a l  b r e e d i n g  r a t i o  8% t o  changes  
i n  t h e  f a s t - f i s s i o n  c o n t r i b u t i o n  c a n n o t  be s t r e s s e d  o f t e n  enough. 
One way o f  s i g n i f i c a n t l y  r e d u c i n g  t h e  f a s t - f i s s i o n  c o n t r i b u t i o n  
is  t o  r e p l a c e  t h e  f e r t i l e  U238 i s o t o p e  by Th232 i n  t h e  FBR c o r e  
zones .  A s  a  r e s u l t ,  t h e  f a s t - f i s s i o n  c o n t r i b u t i o n  w i l l  d e c r e a s e  
from 0.40-0.60 f o r  U238 a s  f e r t i l e  f u e l  t o  0.05-0.15 f o r  Th232 
a s  f e r t i l e  f u e l .  B s  w i l l  d e c r e a s e  c o r r e s p o n d i n g l y .  I n  c u r r e n t  
FBR d e s i g n s ,  e . g .  SNR-2, t h e  g l o b a l  b r e e d i n g  r a t i o  BR would 
N 
c e r t a i n l y  d e c r e a s e  from 1.2 t o  less t h a n  1 . 0 .  
The i n f l u e n c e  o f  Th232/U233 a s  f u e l  i n  t h e  FBR c o r e  r e g i o n  
is  d e m o n s t r a t e d  by t h e  g l o b a l  n u c l e a r  p a r a m e t e r s  o f  t h e  Molten 
S a l t  Breeder  R e a c t o r  (MSBR), g i v e n  i n  T a b l e  11 .21 .  B s  e q u a l s  
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1 . 0 5 ,  a l t h o u g h  t h e  p a r a s i t i c  n e u t r o n  l o s s e s  PN a r e  v e r y  s m a l l  
( 0 . 0 7 3 ) .  < o f  2.195 is  c l o s e  t o  t h e  v a l u e s  l i s t e d  i n  T a b l e  1 1 - 1 9  
f o r  U233, and a b o u t  0.13-0.20 ( i .e .  13 t o  20 p o i n t s )  below 
t h e  v a l u e s  f o r  t h e  P u 0 2 - f u e l e d  c o r e s .  The l a r g e  d i f f e r e n c e  i n  
q B ,  however,  i s  due t o  t h e  a l m o s t  n o n e x i s t e n t  f a s t - f i s s i o n  c o n t r i -  
b u t i o n  o f  o n l y  0 . 0 2 6 ,  r e s u l t i n g  i n  a  d i f f e r e n c e  o f  up t o  0 . 5 5  i n  
n B  ( 5 5  p o i n t s )  i n  compar ison t o  c o r e s  w i t h  U238 a s  f i s s i l e  f u e l .  
The f u e l  combina t ion  Th232/Pu239 i n  t h e  c o r e  zones  l e a d s  t o  
r e s u l t s  s i m i l a r  t o  t h o s e  o f  Th232/U233 because  o f  t h e  g r e a t  s i -  
i 
m i l a r i t y  between t h e  q c  v a l u e s  o f  U233 and Pu239. 
I n t r o d u c t i o n  o f  Th232 i n  t h e  FBR c o r e  r e g i o n  w i l l  t h e r e f o r e  
s i g n i f i c a n t l y  r e d u c e  t h e  g l o b a l  b r e e d i n g  r a t i o  B s  on a c c o u n t  o f  
t h e  s m a l l e r  f a s t - f i s s i o n  c o n t r i b u t i o n .  R e p l a c i n g  ~ 2 3 8  by Th232 
a s  f e r t i l e  m a t e r i a l  i n  c u r r e n t  FBR d e s i g n s  ( e . g .  SNR-2) w i l l  
most  c e r t a i n l y  d e c r e a s e  t h e i r  b r e e d i n g  r a t i o s  below 1 . 0 ,  t h u s  
making Th232 i n  p l a c e  o f  U238 d e f i n i t e l y  u n a t t r a c t i v e  a s  p r i n c i p a l  
f e r t i l e  f u e l  i n  t h e  c o r e  r e g i o n ,  e s p e c i a l l y  f o r  c u r r e n t  sodium- 
c o o l e d  FBRs. The u s e  o f  Th232 i s  t h u s  l i m i t e d  t o  t h e  b l a n k e t  
r e g i o n s  o f  t h e  FBR, where t h e  f a s t - f i s s i o n  c o n t r i b u t i o n  i s  less 
i m p o r t a n t .  
11 .10 .  ADDITIONAL COMPARISONS BETWEEN U02, Tho2,  
AND ~ h "  RADIAL BLANKETS 
I n  a d d i t i o n  t o  d i f f e r e n t  b r e e d i n g  p r o p e r t i e s ,  t h e  t h o r i u m  
b l a n k e t s  e x h i b i t  burnup c h a r a c t e r i s t i c s  t h a t  a r e  s l i g h t l y  d i f -  
f e r e n t  from t h o s e  o f  t h e  U02 b l a n k e t ,  e s p e c i a l l y  w i t h  r e g a r d  t o  
b l a n k e t  power f r a c t i o n ,  l i n e a r  r o d  power, e tc .  Of p a r t i c u l a r  
i n t e r e s t  h e r e  i s  t h e  i n f l u e n c e  o f  i s o t o p e s  Pa233 and U233, b o t h  
of  which a r e  s p e c i a l  c h a r a c t e r i s t i c s  o f  t h e  t h o r i u m  c y c l e .  
1 I . l O . a .  Power F r a c t i o n ,  L i n e a r  Rod Power, and F u e l  Burnup of  
t h e  V a r i o u s  R a d i a l  B l a n k e t s  
F i g u r e  11.12 shows t h e  i n c r e a s e  i n  power f r a c t i o n  f o r  t h e  
v a r i o u s  r a d i a l  b l a n k e t s  a s  a  f u n c t i o n  o f  t h e  b l a n k e t  r e s i d e n c e  
t i m e .  A f r e s h  U02 b l a n k e t  h a s ,  on a c c o u n t  o f  U235 r e s i d u a l  
e n r i c h m e n t  ( 0 . 3 % )  and t h e  l a r g e r  U238 f a s t  f i s s i o n ,  a  l a r g e r  
power f r a c t i o n  t h a n  a  f r e s h  Tho2 o r  Th-metal b l a n k e t .  With t h e  
f i s s i l e  m a t e r i a l  b u i l d i n g  up i n  t h e  b l a n k e t s ,  t h e  power f r a c t i o n  
o f  t h e  r a d i a l  b l a n k e t  i n c r e a s e s  up t o  1 0 % .  Between t h e  second 
and t h i r d  c y c l e s  ( 1  c y c l e  = 292 d a y s ) ,  t h e  Tho2 b l a n k e t  a t t a i n s  
t h e  same power f r a c t i o n  a s  t h e  U 0 2  b l a n k e t .  T h i s  i s  due t o  t h e  
h i g h e r  f i s s i o n  c r o s s  s e c t i o n  o f  U233 a s  compared t o  Pu239. (Com- 
p a r e  T a b l e  11 .9  f o r  t h e  one-group c r o s s  s e c t i o n s . )  
Radial Blanket Residence Time ( 1 cycle= t9tbays) 
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F i g u r e  11 .12 .  Power f r a c t i o n  o f  t h e  r a d i a l  b l a n k e t  as  a f u n c t i o n  
of i t s  r e s i d e n c e  t i m e  ( R 1 ,  R 2 ) .  
F i g u r e  I I . 1 , 3  shows t h e  b u r n u p s  o f  t h e  f i r s t  a n d  s e c o n d  
rows o f  b l a n k e t  e l e m e n t s  as a f u n c t i o n  o f  t h e  b l a n k e t  r e s i d e n c e  
t i m e .  F i g u r e  1 1 . 1 4  g i v e s  t h e  maximum r o d  power o f  t h e  b l a n k e t  
r o d s  d i r e c t l y  a d j a c e n t  t o  c o r e  zone  CZ3. The b l a n k e t  r o d s  o f  
t h e  U 0 2 - b l a n k e t  e l e m e n t  R1 a t t a i n  t h e i r  maximum p e r m i s s i b l e  r o d  
o f  350 W / c m  w i t h i n  f o u r  b u r n u p  c y c l e s ,  i . e .  t h e  r e s i d e n c e  
t i m e  o f  t h e  f i r s t  row o f  e l e m e n t s  o f  a  U 0 2  b l a n k e t  i s  u s u a l l y  
l i m i t e d  by t h e  maximum p e r m i s s i b l e  l i n e a r  r o d  power .  The maximum 
r o d  power of Tho2 i s  7 0 0  w / c m  t o  800  w/crn. T h i s  h a s  n o t  y e t  
been  r e a c h e d  w i t h i n  t h e  r e s i d e n c e  t i m e  c o n s i d e r e d  h e r e ,  i . e .  t h e  
l i f e  o f  t h e  Tho2 b l a n k e t  i s ,  u n l i k e  t h a t  o f  t h e  U 0 2  b l a n k e t ,  n o t  
l i m i t e d  by t h e  maximum p e r m i s s i b l e  r o d  power b u t  p r o b a b l y  by 
t h e  n e u t r o n  f l u e n c e .  The s i t u a t i o n  i s  s i m i l a r  f o r  a Th-me ta l  
b l a n k e t  whose r o d  power a f t e r  f i v e  c y c l e s  i s  4 0 0  W / c m ,  w e l l  be-  
low t h e  p e r m i s s i b l e  maximum o f  a p p r o x i m a t e l y  7 0 0  W / c m .  
F i g u r e s  1 1 . 1 5  a n d  16 show t h e  f i s s i l e  f u e l  b u i l d u p  i n  t h e  r a d -  
i a l  b l a n k e t s .  F o r  t h e  Th b l a n k e t s ,  u n l o a d e d  Pa233  was c o n s i d e r e d ,  
i t s  l a r g e s t  f r a c t i o n  d e c a y i n g  i n t o  233 w i t h  a h a l f - l i f e  o f  27 d a y s .  
Radial Blanket Residence Time ( 1 Cycle = 292 Days) 
F i g u r e  11.13.  F u e l  burnups  i n  t h e  f i r s t  (R1) and second ( R 2 )  
rows o f  t h e  r a d i a l  b l a n k e t .  
0 I I 1 I I I 
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Radhl Blanket Residence fime(1 Cycle = 292 Days ) 
F i g u r e  11.14. Maximum l i n e a r  r od  power o f  t h e  r a d i a l  b l a n k e t  
p i n s  a d j a c e n t  t o  t h e  c o r e  r e g i o n .  
Radial Blanket Residence Time (1Cycle = 292 Days) 
F i g u r e  11.15. Bui ldup  o f  f i s s i l e  f u e l  b r e d  i n  t h e  r a d i a l  b l a n k e t .  
0 1 2 3 4 5 (Cycle) 
Radial Blanket Residence Time (1Cycle = 292 Days) 
F i g u r e  1 1 -16 .  D i f f e r e n c e  ( % )  i n  f i s s i l e  f u e l  b u i l d u p  i n  t ho r ium 
b l a n k e t s  w i t h  r e s p e c t  t o  a  U 0 2  b l a n k e t .  
1I.lO.b. Buildup of U232 
One of the problems associated with the thorium cycle is 
the buildup of isotope U232, which leads to considerable diffi- 
culties in U233 refabrication. U232 decays into Th228, according 
to the diagram, with a half-life of 71.7 years. Via several 
alpha and beta decays, Th228 is transformed into stable Pb208. 
Due to the decay of intermediate products, especially due to 
T1208 and Bi212, hard gammas (2.6 MeV) are generated which ne- 
cessitate heavy shielding during refabrication. 
UlY a . Y  
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U232 concentration is linked to a financial penalty with a 
maximum of $ 2/g, according to information from AEC (U.S. ERDA). 
Table 11.22 gives U232 concentrations and associated penalties 
(Eighty-Ninth Congress of the United States 1966). 
During the reprocessing step, the uranium and thorium iso- 
topes are first of all separated. The Th228 contained in the ex- 
tracted thorium fuel is taken to an intermediate storage, where 
it remains for about 20 years to decay. Processing of thorium in 
hot cells before the end of this decay period is also possible. 
The U232 contained in the recovered uranium, in this case 
in fissile fuel U233, is returned to the refabrication process 
after processing. Within a short time, a very high radiation 
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Table 11.22. U232 penalty. 
Parts of U232 Penalty in dollars 
per million parts per gram of 
of uranium total uranium 
Source: Eighty-Ninth US Congress (1 966) . 
level builds up due to fast decay of Th228 from U232 into Ra224 
(the half-life of Th228 is 1.9 years). Refabrication of larger 
quantities of U223 within ten days after processing would, in 
principle, be possible without gamma shielding, but this re- 
quires a smooth production sequence (Baier 1974). 
Calculations of the ~ 2 3 2  buildup in the HTR utilizing the 
thorium fuel cycle indicate U232 concentrations of up to 500 ppm 
in the case of repeated recycling of the fissile fuel (Baier 
1974). Since this concentration level is sufficient to require 
shielding, this is the range of U232 concentrations shielding in 
HTR refabrication plants has to be designed for. 
The buildup of U232 takes place by means of essentially 
three reactions: 
(1) Th232 (n,2n) Th231 25 8 -  Pa231 ( n , ~ )  Pa232 
6.34 MeV 
(2) U233 (n,2n) U232 
6 MeV 
Due t o  t h e  r e l a t i v e l y  h igh  t h e r m a l  c a p t u r e  c r o s s  s e c t i o n  of  
Th230, r e a c t i o n  ( 3 )  i s  o n l y  o f  s i g n i f i c a n c e  i n  a t h e r m a l  r e a c t o r  
spec t rum ( e . g .  HTR), i . e .  i f  t h e  c o n c e n t r a t i o n  o f  Th230 e x c e e d s  
a p p r o x i m a t e l y  5 ppm (Baier 1 9 7 4 ) .  With t h r e s h o l d s  a t  a p p r o x i -  
m a t e l y  6 MeV, b o t h  Th232 ( n t 2 n )  and U233 ( n t 2 n )  r e a c t i o n s  are 
t h e r e f o r e  s i g n i f i c a n t ,  e s p e c i a l l y  i n  v e r y  h a r d  s p e c t r a .  A l -  
though  t h e  f i s s i o n  s p e c t r a  o f  t h e  f a s t  r e a c t o r  and t h e  t h e r m a l  
r e a c t o r  are v e r y  s i m i l a r ,  t h e  f a c t  tha t  t h e  n e u t r o n  f l u x  i n  a  
f a s t  r e a c t o r  i s  t w o  o r d e r s  o f  magni tude  l a r g e r  makes t h e  ( n t 2 n )  
r e a c t i o n  more i m p o r t a n t  f o r  t h e  f a s t  reactor t h a n  f o r  t h e  t h e r m a l  
reactor. I n  t h e  f a s t  FBR spec t rum,  t h e  Th232 ( n ,  2n)  r e a c t i o n  
c l e a r l y  domina tes  on a c c o u n t  o f  t h e  much l a r g e r  Th232 p a r t i c l e  
c o n c e n t r a t i o n .  Approximate ly  9 5 %  o f  t h e  U232 produced c a n  b e  
accoun ted  f o r  by t h i s  r e a c t i o n .  
The ( n , 2 n )  cross s e c t i o n s  o f  Th232 and U233 have  been de-  
t e r m i n e d  by e x p e r i m e n t s  d e s c r i b e d  i n  Kobayashi  e t  a l .  (1971 and 
1 9 7 3 ) .  The mean v a l u e s  measured f o r  t h e  f i s s i o n  s p e c t r u m  w e r e  
12.5 + 0.84 mb f o r  Th232 ( n , 2 n )  and 4.08 + 0.30 mb f o r  U233 ( n , 2 n ) .  
- - 
A b s o r p t i o n  c r o s s  s e c t i o n s  o f  U232 and Pa231 w e r e  t a k e n  from 
Hinkelmann ( 1 9 7 0 ) .  The a b s o r p t i o n s  of Th231 and Pa232 were 
n e g l e c t e d  b e c a u s e  o f  t h e  s h o r t  h a l f - l i v e s  of  t h e  t w o  i s o t o p e s  
( o f  a p p r o x i m a t e l y  one  d a y )  . 
F i g u r e  11 .17 shows t h e  b u i l d u p  of  U232 f o r  t h e  two r o w s  o f  
b l a n k e t  e l e m e n t s  i n  t h e  two t h o r i u m  b l a n k e t s .  Due t o  t h e  r a p i d  
d e c l i n e  o f  t h e  n e u t r o n  f l u x  and due  t o  t h e  r a p i d  d e g r a d a t i o n  o f  
t h e  n e u t r o n  s p e c t r u m  i n  t h e  r a d i a l  b l a n k e t s ,  t h e  ~ 2 3 2  concen- 
t r a t i o n  i n  t h e  second  row i s  a p p r o x i m a t e l y  f o u r  t i m e s  s m a l l e r  
t h a n  t h a t  i n  t h e  f i r s t  r o w .  With a r e s i d e n c e  t i m e  o f  f i v e  c y c l e s  
(1460 d a y s ) ,  t h e  c o n c e n t r a t i o n  i s  below 300 ppm. I f  t h e  d i s -  
c h a r g e d  f u e l  of b o t h  rows i s  mixed,  t h e  c o n c e n t r a t i o n  f o r  t h e  
Tho2 b l a n k e t  a v e r a g e s  somewhat above 200 ppm and t h a t  f o r  t h e  
Th-metal b l a n k e t  160 ppm. The c o n s p i c u o u s l y  smaller U232 b u i l d -  
up ( d e s p i t e  t h e  h a r d e r  s p e c t r u m )  i n  a Th-metal b l a n k e t  i s  d u e  t o  
t h e  c o n s i d e r a b l e  f a s t - f i s s i o n  cross s e c t i o n  o f  1.2 b a r n s  o f  Pa231 
i n  t h e  upper  e n e r g y  g r o u p  (G = 1 ) .  S i n c e  it h a s  been  t a c i t l y  
assumed h e r e  t h a t  t h e  U233 b r e d  i n  t h e  FBR b l a n k e t s  i s  t r a n s f e r r e d  
F i g u r e  11 .17 .  B u i l d u p  of U232 i n  t h e  f i r s t  (R1) a n d  s e c o n d  (R2) rows of b l a n k e t  e l e m e n t s  a s  
w e l l  as f o r  t h e  r a d i a l  b l a n k e t  ( R  a v e r a g e d  o v e r  R1 a n d  R 2 ) ,  i n  t h e  t h o r i u m  
b l a n k e t s .  
t o  HTR r e p r o c e s s i n g  and r e f a b r i c a t i o n  p l a n t s ,  t h e  U232 c o n c e n t r a -  
t i o n s  o f  b o t h  b l a n k e t s  remain  w i t h i n  t h e  r a n g e  s t i p u l a t e d  f o r  HTR 
r e f a b r i c a t i o n  p l a n t s  (500 ppm-1000 ppm). 
The r e s i d e n c e  t i m e  o f  t h e  r a d i a l  b l a n k e t s  i s  t h u s  n o t  l i m i t e d  
by t h e  U232 b u i l d u p .  The f i n a n c i a l  p e n a l t y  i s  a l s o  k e p t  w i t h i n  
l i m i t s ,  due  t o  t h e  r e l a t i v e l y  low U232 c o n c e n t r a t i o n  b u i l t  up 
i n  t h e  b l a n k e t  (see T a b l e  1 1 . 2 2 ) .  
1 I . l O . c .  I n f l u e n c e  o f  Pa233 
The b u i l d u p  o f  U233 t a k e s  p l a c e  v i a  t h e  decay  o f  t h e  i n t e r -  
m e d i a t e  decay p r o d u c t  Pa233. T h i s  p r o c e s s  i s  s i m i l a r  t o  t h e  
b u i l d u p  o f  Pu239 v i a  t h e  decay  o f  t h e  i n t e r m e d i a t e  p r o d u c t  Np239. 
U238(n ,y)  92U239 0-  0 -  92 23.5 min 93 Np239 2.4 day;94 Pu239 
6- Th232 ( n , y )  gOTh233 .  6- 90 22 min 91 Pa233 27.4 day<92  U233 
The b a s i c  d i f f e r e n c e  between t h e s e  two c h a i n s  i s  t h e  r e l a t i v e l y  
l o n g  h a l f - l i f e  of  27.4 d a y s  f o r  Pa233, as compared t o  2.4 d a y s  
f o r  Np239. T h i s  h a l f - l i f e  c a u s e s  h i g h  e q u i l i b r i u m  c o n c e n t r a t i o n s  
of Pa233 t o  b u i l d  up ,  m a i n l y  i n  t h e  case of h i g h  power d e n s i t i e s .  
C o n s i d e r a b l e  r e a c t i v i t y  i n s e r t i o n  must t h e r e f o r e  be  e x p e c t e d ,  
a f t e r  r e a c t o r  shutdown. T h i s  r e a c t i v i t y  i n s e r t i o n  must  b e  com- 
p e n s a t e d  f o r  by a d d i t i o n a l  c o n t r o l  r o d s .  I f  t h o r i u m  i s  used  i n  
t h e  c o r e  z o n e s ,  t h i s  e f f e c t  becomes a c o n s i d e r a b l e  p rob lem (see 
t h e  f o l l o w i n g  s e c t i o n ) .  
When t h o r i u m  is  used  i n  t h e  r a d i a l  b l a n k e t ,  t h e  Pa233 
decay  i s  o f  minor i n f l u e n c e  s i n c e ,  f i r s t l y ,  o n l y  r e l a t i v e l y  
s m a l l  e q u i l i b r i u m  c o n c e n t r a t i o n s  are b u i l t  u p ,  b e c a u s e  o f  t h e  
low power d e n s i t y  ( o n l y  a b o u t  22 kg o f  Pa233 f o r  t h e  Tho2 and 
~ h ~  b l a n k e t s )  and ,  s e c o n d l y ,  t h e  Pa233 i s  l o c a t e d  i n  a r e a c t o r  
r e g i o n  o f  r e l a t i v e l y  s m a l l  r e a c t i v i t y  w o r t h .  The maximum react i -  
v i t y  wor th  o f  t h e  above amount o f  Pa233 i n  t h e  b l a n k e t s  w a s  cal -  
c u l a t e d  as  3.0% i n  k e f f ,  by means o f  two k  
e f f  c a l c u l a t i o n s  f o r  
which Pa233 was assumed t o  be e q u i v a l e n t  t o  U233. Th i s  i n c r e a s e  
i n  r e a c t i v i t y ,  expected t o  occur  approximately  100 days  a f t e r  
r e a c t o r  shutdown, does  n o t  c o n s t i t u t e  any p a r t i c u l a r  shutdown 
problems. 
Another problem connected wi th  Pa233 i s  t h e  neu t ron  cap- 
t u r e  i n  Pa233, r e s u l t i n g  i n  t h e  l o s s  of one U233 atom. Due 
t o  t h e  high a b s o r p t i o n  c r o s s  s e c t i o n  of Pa233 i n  t h e  thermal  
spectrum (aa  = 45  b a r n s ) ,  t h i s  l o s s  of  p o t e n t i a l  f i s s i l e  m a t e r i a l  
i s  of c o n s i d e r a b l e  s i g n i f i c a n c e  i n  thermal  r e a c t o r s ,  b u t  i s  
smal l  i n  t h e  c a s e  of  t h e  FBR b l a n k e t  spectrum (oa = 4 . 5  b a r n s ) .  
There ,  on ly  3% of t h e  Pa233 atoms i s  l o s t  due t o  a b s o r p t i o n ,  
and t h e  remaining 97% decays  i n t o  U233. 
From t h i s  it may be concluded t h a t  t h e  bu i ldup  of  Pa233 i n  
t h e  r a d i a l  b l a n k e t s  does  n o t  pose any s i g n i f i c a n t  problems.  
1 I . lO .d .  The Sodium Void C o e f f i c i e n t  
One of t h e  most impor t an t  r e a c t i v i t y  c o e f f i c i e n t s  f o r  t h e  
sodium-cooled FBR i s  t h e  sodium vo id  c o e f f i c i e n t .  I t  d e c i s i v e l y  
de te rmines  t h e  cou r se  and t h e  p o t e n t i a l  e f f e c t s  of a  l o s s - o f -  
c o o l a n t  i n c i d e n t  i n  t h e  r e a c t o r .  The p r o p e r t i e s  of  t h i s  r e a c t i -  
v i t y  parameter  w e r e  d i s c u s s e d  i n  d e t a i l  by S c h r o e t e r  (1970) .  I n  
t h e  p r e s e n t  c a s e ,  t h e  d i f f e r e n c e  between a  U 0 2  r a d i a l  b l a n k e t  and 
a  Tho2 r a d i a l  b l a n k e t  i s  cons ide red  i n  t e r m s  of t h e  sodium vo id .  
1-D p e r t u r b a t i o n  c a l c u l a t i o n s  w e r e  performed f o r  t h i s  purpose 
wi th  t h e  26-ENDF/B I11 group set .  
F i g u r e  11.18 shows t h e  r a d i a l  dependence of t h e  vo id  e f -  
f e c t  f o r  a  sodium-free 1 - l i t e r  bubble  i n  U 0 2  and Tho2 b l a n k e t s .  
I t  can  be seen  t h a t  t h e  vo id  e f f e c t  i n  c o r e  zone CZ1 i s  approxi -  
mate ly  10% l a r g e r  i n  t h e  c a s e  of  t h e  Tho2 b l a n k e t  t han  w i t h  t h e  
U 0 2  b l a n k e t .  Toward t h e  o u t e r  r a d i u s  of t h e  co re ,  t h e  vo id  be- 
comes s m a l l e r  w i th  t h e  Tho2 b l a n k e t  t han  wi th  t h e  U 0 2  b l a n k e t .  
This  i s  due t o  t h e  l a r g e r  n e t  l eakage  of neu t rons  i n t o  t h e  Tho2 
b l a n k e t  r e g i o n  (which has  a  h i g h e r  a l b e d o ) .  I n  t h e  c a s e  of  t h e  
Tho2 b l a n k e t ,  t h e  i n c r e a s e  i n  t h e  vo id  c o e f f i c i e n t  i n  t h e  c o r e  
r eg ion  i s  t o  be a s c r i b e d  t o  t h e  l a r g e r  enr ichment  of  c o r e  zone 
CZ3, caus ing  a  somewhat ha rde r  spectrum. 
F i g u r e  11 .18 .  R a d i a l  dependence  o f  t h e  sodium v o i d  e f f e c t  A K v ( R )  
f o r  U 0 2  and Tho2 r a d i a l  b l a n k e t s .  P e r t u r b a t i o n  
c a l c u l a t i o n  f o r  a sod ium-f ree  1-l i ter  b u b b l e .  
The 1 0 %  r i s e  o f  t h e  sodium v o i d  c o e f f i c i e n t  i n  core zone  
C Z ~  i s  o f  r e l a t i v e l y  l i t t l e  i m p o r t a n c e ,  s i n c e  t h e  u n c e r t a i n t i e s  
i n  d e t e r m i n i n g  t h e  sodium v o i d  effect  are r e g a r d e d  t o  b e  w i t h i n  
t h i s  r a n g e .  The i n c r e a s e  i s  t h e r e f o r e  w i t h i n  t h e  e x p e c t e d  un- 
c e r t a i n t y  l i m i t s .  The Doppler  c o e f f i c i e n t  c o u l d  n o t  b e  i n v e s t i -  
g a t e d  h e r e  d u e  t o  a l a c k  of n u c l e a r  d a t a .  However, it c a n  b e  
deduced f rom Wood and  D i s c r o l l  (1973)  t h a t  t h e r e  i s  l i t t l e  d i f -  
f e r e n c e  be tween t h e  Dopp le r  c o e f f i c i e n t s  o f  t h e  t w o  b l a n k e t  con- 
f i g u r a t i o n s .  
1 1 . 1 7 .  THORIUM I N  THE FBR CORE REGION 
The i n f l u e n c e  o f  t h o r i u m  i n  t h e  FBR c o r e  z o n e s  on t h e  g l o b a l  
b r e e d i n g  r a t i o  and r e a c t i v i t y  c o e f f i c i e n t s  h a s  been  examined  i n  
d e t a i l  i n  s e v e r a l  s t u d i e s  ( L o e w e n s t e i n  and  O k r e n t  1958;  O k r e n t ,  
Cohen, and  L o e w e n s t e i n  1965;  Hankel  e t  a l .  1962;  L o e w e n s t e i n  
and  Blurnenthal  1965;  A l l e n ,  S t o k e r ,  and Campise 1966;  S o f e r  e t  a l .  
1 9 6 3 ) .  I n  t h i s  i n v e s t i g a t i o n ,  it h a s  a l r e a d y  been  shown i n  
S e c t i o n  I I . 9 . b .  t h a t  u t i l i z a t i o n  o f  Th232 i n  t h e  core r e g i o n  o f  
p r e s e n t  o x i d e - f u e l e d  FBRs i s  t o t a l l y  i m p r a c t i c a b l e .  Th232 i n  
t h e  core r e g i o n  i s  t h u s  a d d r e s s e d  o n l y  m a r g i n a l l y .  
The f o l l o w i n g  p r o b l e m s  a r e  a s s o c i a t e d  w i t h  t h e  u s e  o f  Th232 
i n  t h e  core r e g i o n :  
-- The b r e e d i n g  r a t i o  i s  r e d u c e d  s i g n i f i c a n t l y  on  a c c o u n t  
o f  t h e  d r a s t i c a l l y  d e c r e a s e d  f a s t - f i s s i o n  c o n t r i b u t i o n .  
-- U233 b r e d  i n  t h e  core h a s  a s m a l l e r  T-I: t h a n  Pu239 
(see T a b l e  I I . 1 9 ) ,  wh ich  h a s  a n  a d d i t i o n a l ,  n e g a t i v e  
i n f l u e n c e  on  B% (see d i s c u s s i o n  i n  S e c t i o n  1 1 . 9 . a ) .  
-- The h i g h  power d e n s i t y  i n  t h e  core r e g i o n  c a u s e s  a h i g h  
e q u i l i b r i u m  c o n c e n t r a t i o n  o f  Pa233,  l e a d i n g  t o  con-  
s i d e r a b l e  shutdown c o n t r o l  p rob lems  a f t e r  reactor s h u t -  
down. 
-- The h i g h  b u i l d u p  o f  U232 i n  t h e  core zones  ( h i g h  n e u t r o n  
f l u x )  l e a d s  t o  a d d i t i o n a l  p r o b l e m s  i n  f u e l  r e f a b r i c a t i o n .  
-- T h e r e  i s  a m i x t u r e  o f  U233 and  Pu239 as f i s s i l e  f u e l  
i n  t h e  core i f  Th232/Pu239 i s  t h e  i n i t i a l  f u e l ;  t h i s  i m -  
p l i e s  mixed r e p r o c e s s i n g  o f  b o t h  t h e  t h o r i u m  and'  u r a -  
nium c y c l e s .  
-- The f i s s i l e  i n v e n t o r y  i n c r e a s e s  i f  t h e  power d e n s i t y  
r e m a i n s  unchanged.  
The o n l y  a t t r a c t i v e  a s p e c t  o f  u s i n g  t h o r i u m  i n  t h e  core r e g i o n  is 
l i m i t e d  t o  t h e  d i s t i n c t l y  l o w e r  sodium v o i d  c o e f f i c i e n t .  I n  t h e  
case o f  a ~ 2 3 8 / ~ u - f u e l e d "  FBR, t h e  sodium v o i d  becomes p o s i t i v e  
due  t o  s p e c t r u m  h a r d e n i n g  d u r i n g  sodium v o i d i n g ,  which  c a u s e s  a n  
i n c r e a s e  i n  t h e  f a s t  f i s s i o n  o f  U238 and Pu240, and a h i g h e r  neu- 
t r o n  release i n  Pu239 due  t o  t h e  s t e e p  rise of i t s  q i n  t h e  h i g h e r  
ene rgy  r e g i o n  (see F i g u r e  1 1 . 6 ) .  With t h e  u s e  o f  t h o r i u m  i n  t h e  
c o r e  r e g i o n ,  t h e  p o s i t i v e  Na-void e f f e c t  i s  g r e a t l y  r e d u c e d ,  due  
t o  t h e  f o u r  t i m e s  smaller f a s t - f i s s i o n  cross s e c t i o n  of  Th232 
as compared t o  U238, t h e  f l a t t e r  q ( ~ 2 3 3 )  c u r v e ,  and t h e  rela-  
t i v e l y  low U234 c o n c e n t r a t i o n  a s  compared t o  t h e  a n a l o g o u s  
Pu240 c o n c e n t r a t i o n .  Depending on t h e  U233/Pu239 r a t i o ,  t h e  sodium 
v o i d  c a n  even become n e g a t i v e  ( L e i p u n s k i i ,  Kazachkovsk i i  e t  a l .  
1 9 6 5 ) .  
To d e t e r m i n e  t h e  i n f l u e n c e  s u b s t i t u t i o n  o f  Th232 f o r  U238 
i n  t h e  c o r e  zones  would have  on t h e  b r e e d i n g  and r e a c t i v i t y  
p r o p e r t i e s  o f  t h e  FBR i n v e s t i g a t e d ,  U238 i n  c o r e  zone CZ1 was 
r e p l a c e d  by Th232, l e a v i n g  CZ2 and CZ3 and t h e  b l a n k e t s  unchanged 
( U 0 2  a s  r a d i a l  b l a n k e t ) .  Thus t h e  i n i t i a l  f u e l  o f  CZ1 w a s  Th232/ 
Pu. A s  t h e  burnup o f  t h e  c o r e  zones p r o g r e s s e d  U233 began t o  
b u i l d  up i n  C Z 1 ,  r e p l a c i n g  t h e  i n i t i a l  f i s s i l e  f u e l  Pu239. The 
most  r e l e v a n t  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  can  b e  summarized 
as f o l l o w s :  
1. The b r e e d i n g  r a t i o  B% d e c r e a s e d  by 1 0  p o i n t s .  
2. The i n i t i a l  Eissile f u e l  i n v e n t o r y  o f  Pu i n c r e a s e d  by 7 % .  
3. The Pa233 e q u i l i b r i u m  c o n c e n t r a t i o n  o f  40.6 kg c o r r e -  
sponds  t o  a r e a c t i v i t y  a d d i t i o n  of  2.94% Ak/k 100 d a y s  
a f t e r  r e a c t o r  shutdown. T h i s  r e a c t i v i t y  i n c r e a s e  must  
b e  compensated f o r  by a d d i t i o n a l  c o n t r o l  r o d s .  
4 .  U232 b u i l t  up t o  h i g h  c o n c e n t r a t i o n  l e v e l s  of  2000- 
3000 ppm. 
5.  The Na-void c o e f f i c i e n t  i n  CZ1 w a s  reduced  by a f a c t o r  
of  3. 
These r e s u l t s  i n d i c a t e  t h a t  p l a c i n g  Th232 i n  t h e  c o r e  zones  o f  
an  FBR w i l l  r e s u l t  i n  s i g n i f i c a n t  changes  i n  v i r t u a l l y  a l l  t h e  
i m p o r t a n t  FBR p a r a m e t e r s .  The g l o b a l  b r e e d i n g  r a t i o  BRN i s  
i n f l u e n c e d  most  s i g n i f i c a n t l y ,  and is  f o l l o w e d  by t h e  a d d i t i o n a l  
c o n t r o l  problem. Complete s u b s t i t u t i o n  o f  Th232 f o r  U238 i n  t h e  
c o r e  r e g i o n  o f  Na-cooled FBRs o f  c u r r e n t  d e s i g n ,  whose b r e e d i n g  
r a t i o s  o f  a b o u t  1.20 are a l r e a d y  low (homogeneous c o r e ) ,  w i l l  
c e r t a i n l y  d e c r e a s e  t h e i r  b r e ed ing  r a t i o s  t o  below 1.0,  making 
t h e  u s e  o f  Th232 i n  such  c o r e  r e g i o n s  i m p r a c t i c a b l e .  The u s e  o f  
thor ium i n  su ch  FBRs i s  t h e r e f o r e  s t r i c t l y  l i m i t e d  t o  t h e  b l a n k e t  
r e g i o n s ,  p r e f e r a b l y  t o  t h e  r a d i a l  b l a n k e t ,  as h a s  been i n v e s t i -  
g a t e d  and proposed i n  t h e  p r e v i o u s  s e c t i o n s .  
I t  c o u l d  p o s s i b l y  ap p ea r  f e a s i b l e  t o  u s e  Th232 i n  FBR d e s i g n s  
w i t h  i n h e r e n t l y  h i g h e r  b r e e d i n g  r a t i o s  (B% = 1 . 3  - 1 . 4 1 ,  such 
a s  t h e  he te rogeneous  c o r e  d e s i g n s  o f  sodium- o r  gas -coo led  FBRs, 
s i n c e  t h e i r  B% would s t i l l  be somewhat above u n i t y  ( B S  = 1 .1 )  w i t h  
Th232/U233 a s  f u e l  i n s t e a d  o f  U 2 3 8 / ~ u .  I n  t e r m s  of t h e i r  p r e s e n t  
s t a t e  o f  t e c h n o l o g i c a l  develepment ,  however, gas-cooled  FBRs a r e  
c o n s i d e r e d  t o  b e  s e v e r a l  y e a r s  beh ind  Na-cooled FBRs. But it i s  
c o n c e i v a b l e  and a l s o  t o  be expec t ed  t h a t  t h e i r  b r e e d i n g  r a t i o s  
w i l l  g r a d u a l l y  d e c r e a s e  w i t h  f u r t h e r  r e s e a r c h  and development ,  
a s  was t h e  c a s e  w i t h  t h e  development o f  Na t echno logy  f o r  LMFBRs. 
On t h i s  p remise ,  employment o f  thor ium i n  t h e s e  r e a c t o r s  i s  a s  
u n f e a s i b l e  a s  i n  LMFBRs o f  c u r r e n t  d e s i g n .  
11.12.  SUMMARY OF CHAPTER I1 
I t  h a s  been shown t h a t  t h e  p r a c t i c a l  u s e  of  Th232 a s  f e r t i l e  
f u e l  i n  LMFBRs of  c u r r e n t  d e s i g n  ( B s  = 1 .2 )  i s  l i m i t e d  t o  t h e  
b l a n k e t  r e g i o n s  o f  f a s t  b r e e d e r  r e a c t o r s ,  p r e f e r a b l y  t o  t h e  r a -  
d i a l  b l a n k e t .  The u s e  o f  Tho2 o r  Th m e t a l  a s  r a d i a l  b l a n k e t  ma- 
t e r i a l  c a n  be  c o n s i d e r e d  a  v i a b l e  a l t e r n a t i v e  t o  t h e  c o n v e n t i o n a l  
U02 b l a n k e t ,  whereas Th232 i n  t h e  c o r e  r e g i o n  o f  p r e s e n t  LMFBRs 
d e c r e a s e s  t h e i r  b r e e d i n g  r a t i o  B% t o  less t h a n  1.0.  I t  h a s  been 
shown i n  p a r t i c u l a r  t h a t  a  Tho2 o r  Th-metal r a d i a l  b l a n k e t  i n  
p l a c e  of a  U 0 2  r a d i a l  b l a n k e t  d o e s  n o t  have any i n t r i n s i c  d i s a d -  
v a n t a g e s  as r e g a r d s  t h e  FBR g l o b a l  b r e e d i n g  p r o p e r t i e s .  
The most i m p o r t a n t  i n f l u e n c e  o f  t h e  Th b l a n k e t s  h a s  been 
shown t o  be a  s h i f t  i n  t h e  d i s t r i b u t i o n  of  t h e  r e g i o n  b r e e d i n g  
r a t i o  BR and o f  t h e  r e g i o n  b r e e d i n g  g a i n  G . Due t o  t h e  lower 
n  
"m n e u t r o n  r e f l e c t i v e  p r o p e r t i e s  o f  Tho2 and Th a s  compared 
t o  U02, t h e  r a d i a l  b r e e d i n g  r a t i o  BRr i n c r e a s e d  by 5% i n  t h e  
c a s e  of a  Tho2 b l a n k e t  and by 6 . 5 %  f o r  a  ~h~  b l a n k e t .  A t  t h e  
same t i m e  t h e  b r e e d i n g  r a t i o s  o f  t h e  c o r e  and t h e  a x i a l  b l a n k e t  
w e r e  reduced .  
The r a d i a l  b r eed ing  g a i n  G i n  t h e  c a s e  o f  t h e  Tho2 b l a n k e t  
r 
was found t o  be approx imate ly  2% above t h e  Gr of  a  U 0 2  b l a n k e t ,  
and t h a t  of  t h e  ~ h ~  b l a n k e t  approx imate ly  12% h i g h e r  t h a n  t h a t  
o f  a  U 0 2  b l a n k e t .  
The g l o b a l  b r e e d i n g  r a t i o  B s  of  t h e  FBR was, i n  t h e  c a s e  
of  t h e  Tho2 b l a n k e t ,  reduced by 1 %  a s  compared t o  a  U 0 2  b l a n k e t ,  
and no n o t i c e a b l e  d i f f e r e n c e  was observed  f o r  t h e  ~ h ~  b l a n k e t .  
The g l o b a l  b r e e d i n g  g a i n  GN of t h e  FBH w a s  approx imate ly  3% 
lower  i n  t h e  case of t h e  Tho2 b l a n k e t  and 0.5% lower f o r  t h e  
~ h ~  b l a n k e t  t h a n  f o r  a  U 0 2  b l a n k e t .  
The s u p e r i o r  b r e e d i n g  p r o p e r t i e s  o f  t h e  two thor ium b l a n k e t s  
w e r e  h i g h l i g h t e d  by t h e  ~ h ~  b l a n k e t .  I ts  s u p e r i o r i t y  can be 
a s c r i b e d  t o  t h e  n e u t r o n  spec t rum,  which i s  h a r d e r  i n  a  m e t a l l i c  
t h a n  i n  an  o x i d e  r a d i a l  b l a n k e t .  A s m a l l  i n c r e a s e  i n  t h e  f i s s i l e  
i n v e n t o r y  i s  r e q u i r e d  w i t h  Th b l a n k e t s ,  which was 1 .2% f o r  t h e  
Thol b l a n k e t  and 2.37% f o r  t h e  ~ h ~  b l a n k e t  above t h e  f  i ss i le  i n -  
v e n t o r y  o f  a  U 0 2  b l a n k e t .  
The b u i l d u p  of  Pa233 is  moderate i n  r a d i a l  Th b l a n k e t s ,  
c a u s i n g  no p a r t i c u l a r  c o n t r o l  problems.  
The b u i l d u p  o f  U232 was k e p t  below 300 ppm f o r  a  r e s i d e n c e  
t i m e  less t h a n  5 c y c l e s  (1  c y c l e  = 292 d a y s ) .  Th i s  concen t r a -  
t i o n  l e v e l  i s  below t h e  expec t ed  d e s i g n  v a l u e  o f  HTR r e f a b r i c a -  
t i o n  p l a n t s  ( t ho r ium c y c l e ) .  
The sodium v o i d  c o e f f i c i e n t  was approx imate ly  10% l a r g e r  f o r  
t h e  Th b l a n k e t s  t h a n  f o r  t h e  U 0 2  b l a n k e t .  Th i s  i s ,  however, wi th-  
i n  t h e  range  o f  u n c e r t a i n t y  o f  sodium v o i d  c o e f f i c i e n t  c a l c u l a t i o n s .  
There i s  no p a r t i c u l a r  i n c e n t i v e  t o  r e c y c l e  t h e  radial  b lan -  
ket -bred U233 i n t o  t h e  c o r e  r e g i o n  of  t h e  FBR s i n c e  U233 i s  a  
s l i g h t l y  less f a v o r a b l e  f i s s i l e  f u e l  i n  t h e  FBR c o r e  r e g i o n  t h a n  
Pu239/Pu241. 

CHAPTER 111. ASSESSMENT OF THE NEUTRON AND FISSILE 
FUEL UTILIZATION OF THE HTR 
111.1. INTRODUCTION 
The HTR is a thermal reactor that requires for its operation 
a continuous supply of fissile fuel. The fissile isotope usu- 
ally employed is U235, because the other fissile isotopes U233 
and Pu239 are either not available in sufficient quantity or un- 
desirable as fissile fuel. The uranium ore (U 0 ) demand asso- 3 8 
ciated with the U235 requirement makes the HTRs of present de- 
sign dependent on the continuous availability of uranium ore. 
One of the most important parameters with respect to HTR 
fuel utilization is the actually necessary amount of uranium ore, 
or the fissile fuel U235 needed to sustain reactor operation. 
This quantity is usually directly proportional to (1-CR), with 
CR being defined as the HTR conversion ratio, which is normally 
less than 1.0. Thus little additional fissile fuel, or makeup 
fuel, is necessary for an HTR with a large conversion ratio of 
approximately 0.8 to 0.9, but considerably larger amounts in 
- the case of a relatively small CR - 0.5 - 0.6. 
The HTR conversion ratio CR is primarily determined by the 
fuel cycle employed, and to some extent by the operational mode 
and design of the reactor. Disregarding the latter two dependen- 
cies temporarily, one can show that CR is largely a function of 
the combinations of fertile and fissile isotopes used, with U238 
and Th232 as fertile, and U233, U235, and Pu239 as fissile iso- 
topes. 
The results of Chapter I1 have shown that the breeding of 
U233 in the radial blanket region of the FBR is a feasible alter- 
native to Pu239 breeding, if there is a proper incentive to do 
so. It has been mentioned, however, that there is no particular 
advantage in recycling this U233 into the FBR core region. 
T h e r e f o r e ,  t h e  q u e s t i o n  a r i s e s  a s  t o  w h e t h e r  t r a n s f e r  o f  t h e  
FBR-bred U233 t o  a  t h e r m a l  r e a c t o r ,  e . g .  an  H T R ,  would  improve 
n o t  o n l y  t h e  f u e l  u t i l i z a t i o n  o f  t h e  l a t t e r  b u t  a l s o  t h e  f u e l  
u t i l i z a t i o n  o f  t h e  combined r e a c t o r  s y s t e m .  I t  i s  i n d e e d  o f  
i n t e r e s t  t o  c o n s i d e r  t h i s  p a r t i c u l a r  f u e l  t r a n s f e r ,  s i n c e  t h e  FBR 
c a n  s u p p l y  e i t h e r  Pu239 o r  U233 a s  f i s s i l e  f u e l ,  and  s i n c e  t h e  HTR 
can  i n  p r i n c i p l e ,  u t i l i z e e i t h e r  i s o t o p e  as makeup f i s s i l e  f u e l .  
T h i s  c a l l s  f o r  a d e t a i l e d  a s s e s s m e n t  o f  t h  HTR f u e l  c y c l e  economy, 
i n  o r d e r  t o  d e t e r m i n e  t h e  a d v a n t a g e s  and  d i s a d v a n t a g e s  o f  u s i n g  
U233, U235, o r  Pu239 as f i s s i l e  HTR f u e l s .  Such a n  a s s e s s m e n t  
1 i s  t h e  s u b j e c t  o f  t h i s  c h a p t e r  . 
I f  U233 s h o u l d  p r o v e  a d v a n t a g e o u s  t o  t h e  H T R ,  t h e  b r e e d i n g  
o f  U233 i n  t h e  FBR r a d i a l  b l a n k e t  c o u l d  b e  c o n s i d e r e d  a  v i a b l e  
a l t e r n a t i v e  t o  t h e  b r e e d i n g  o f  Pu239 as FBR s u r p l u s  f u e l .  
A g e n e r a l  a s s e s s m e n t  o f  t h e  HTR f i s s i l e  f u e l  u t i l i z a t i o n  
is  r e n d e r e d  d i f f i c u l t  by t h e  g r e 3 t  number o f  f i s s i l e  f u e l  c y c l e s  
c o n c e i v a b l e  f o r  t h e  HTR: b o t h  U238 and  Th232 c a n  b e  u s e d  as f e r -  
t i l e  i s o t o p e s ,  w i t h  e i t h e r  U233, U235, o r  Pu239,  o r  a  c o m b i n a t i o n  
t h e r e o f ,  as f i s s i l e  f u e l  makeup. T h i s  l e a d s  t o  s e v e r a l  p o s s i b l e  
c o m b i n a t i o n s  o f  c o n v e r t e d  ( s e l f - b r e d )  f i s s i l e  f u e l s ,  makeup f i s -  
s i l e  f u e l s ,  a n d  f e r t i l e  i s o t o p e s  u t i l i z e d  i n  t h e  HTR. These  com- 
b i n a t i o n s  o f  f e r t i l e  and  f i s s i l e  i s o t o p e s  are r e f e r r e d  t o  as 
f i s s i l e  f u e l  c y c l e s  i n  t h e  f o l l o w i n g .  
T a b l e  1 1 1 . 1  l i s t s  t h e  f e a s i b l e  f i s s i l e  f u e l  c y c l e s  o f  t h e  
H T R ,  d i f f e r e n t i a t i n g  be tween  u ran ium,  t h o r i u m ,  and  h y b r i d  c y c l e s .  
The f e r t i l e  i s o t o p e s  i n  t h e  u r a n i u m  a n d  t h o r i u m  c y c l e s  are  
U238 and  Th232, r e s p e c t i v e l y .  The t h o r i u m  f i s s i l e  f u e l  c y c l e s  
a r e  c a l l e d  A ,  B ,  and  C ,  and  t h e  uran ium f i s s i l e  f u e l  c y c l e s  D ,  E l  
a n d  F .  I n  A and  F  t h e  f i s s i l e  f u e l  makeup i s  U233 o r  Pu239,  
r e s p e c t i v e l y ,  t h e  f i s s i l e  i s o t o p e s  t h a t  c a n  b e  s u p p l i e d  by t h e  
FBR; t h e  makeup f o r  t h e  r e m a i n i n g  f i s s i l e  f u e l  c y c l e s  B ,  C ,  D l  
a n d  E i s  U235. F i s s i l e  f u e l  c y c l e s  G and  H are  h y b r i d  c y c l e s ,  
~ h a r a c t e r i z e d  by t h e  a l t e r n a t i v e  u s e  o f  Th232 a n d  ~ ~ 2 3 9  o r  ~ 2 3 8  
a n d  U233. T h e s e  h y b r i d s  c a n  b e  shown t o  b e  i n s i g n i f i c a n t  from 
' ~ h e s e  r e s u l t s  would a l s o  b e  a p p l i c a b l e  t o  LWBRs,  LWRs,  o r  any 
o t h e r  t h e r m a l  r e a c t o r  u s i n g  t h e  FBR-bred U233. 
T a b l e  1 1 1 . 1 .  F i s s i l e  a n d  f e r t i l e  i s o t o p e s  o f  v a r i o u s  t h o r i u m  
and  u r a n i u m  f i s s i l e  f u e l  c y c l e s  o f  t h e  HTR, and  
t h e i r  d e s i g n a t i o n s .  
F i s s i l e  F e r t i l e  F i s s i l e  Re-  F i s s i l e  F i s s i l e  
f u e l  i s o t o p e  i s o t o p e  c y c l i n g  i s o t o p e  f u e l  
c y c l e  ( c o n v e r t e d )  (makeup) i n v e n t o r y  
d e s i g n a t i o n  
Thorium c y c l e  
A Th232 U233 Yes U233 U2 3 3 
B Th2 3 2 U233 Yes U2 3 5 U233, '5235 
C Th232 U2 3 3 no U235 U235, U233 
Uranium c v c l e  
Hybrid c y c l e * *  
Th2 3 2 U233 Yes G no P u U233, Pu 
H U238 P u U2 3 3 Yes no Pu, U233 
*Pu i n  t h i s  t a b l e  r e f e r s  t o  t h e  f i s s i l e  Pu v e c t o r .  
**Not s p e c i f i c a l l y  cons ide red .  
a reactor s t r a t e g i c  p o i n t  o f  v i e w ,  a l t h o u g h  t h e y  may b e  o f  
i n t e r e s t  i n  t h e  c o n t e x t  o f  p r o l i f e r a t i o n .  The i n d i v i d u a l  f i s s i l e  
f u e l  c y c l e s  are d e s c r i b e d  i n  more d e t a i l  i n  S e c t i o n  1 1 1 . 2 .  
An a s s e s s m e n t  as t o  w h e t h e r  t h e  f e e d  o f  FBR-bred f i s s i l e  
i s o t o p e s  g e n e r a l l y  i m p r o v e s  t h e  HTR f i s s i l e  f u e l  economy c a n  o n l y  
b e  made o n  t h e  b a s i s  o f  a c o m p a r i s o n  o f  a l l  t h e s e  f i s s i l e  f u e l  
c y c l e s .  A d e t a i l e d  i n v e s t i g a t i o n  o f  t h e  f u e l  economy o f  e a c h  
f i s s i l e  f u e l  c y c l e  i s  made i n  t h i s  c h a p t e r .  
A s s e s s m e n t s  o f  t h i s  k i n d  u s u a l l y  r e q u i r e  e x t e n s i v e  b u r n u p  
c a l c u l a t i o n s ,  s imi l a r  t o  t h o s e  i n  C h a p t e r  I1 f o r  t h e  FBR b l a n k e t .  
S p e c i a l  n u c l e a r  d a t a  l i b r a r i e s  and  s p e c i a l  compu te r  c o d e s  would  b e  
needed .  I n  o r d e r  t o  a v o i d  t h e  c o n s i d e r a b l e  e f f o r t  i n v o l v e d  i n  
p r e p a r i n g  c r o s s - s e c t i o n  sets a n d  i n  p e r f o r m i n g  t h e  numerous 
b u r n u p  c a l c u l a t i o n s  n e c e s s a r y ,  t h e  f u e l  u t i l i z a t i o n  i n  t h e  v a r i o u s  
f i s s i l e  f u e l  c y c l e s  i s  a n a l y z e d  by  means o f  a n  a n a l y t i c a l  one-group  
model d e v e l o p e d  h e r e .  The model  i s  b a s e d  on t h e  a v a i l a b i l i t y  o f  
a few p e r t i n e n t  g l o b a l  n e u t r o n  p a r a m e t e r s  t h a t  c a n  b e  d e t e r m i n e d  
f rom t h e  n e u t r o n  b a l a n c e s  o f  t h e  bu rnup  c a l c u l a t i o n s  a l r e a d y  
p e r f o r m e d  f o r  some o f  t h e  f i s s i l e  f u e l  c y c l e s .  
T h i s  one-group method is  a t t r a c t i v e  f o r  i t s  u n i v e r s a l i t y ,  
t r a n s p a r e n c y ,  and comprehensiveness :  it is a p p l i c a b l e  t o  t h e  HTR 
f u e l  c y c l e s  c o n s i d e r e d  h e r e ,  and it makes clear  t h e  r e l a t i o n s h i p s  
between t h e  n u c l e a r  p a r a m e t e r s  and t h e  d e s i g n  p a r a m e t e r s  p e r t i n e n t  
t o  t h e  f i s s i l e  f u e l  economy of  t h e  HTR; and ,  most i m p o r t a n t ,  it 
a l l o w s  a  comprehensive  overv iew o f  t h e  HTR p o t e n t i a l  i n  terms of  
f u e l  u t i l i z a t i o n  and d e s i g n  c h a r a c t e r i s t i c s .  
For  example,  r e l i a b l e  e s t i m a t e s  of  t h e  impac t  o f  d e s i g n  
changes  on t h e  c o n v e r s i o n  r a t i o ,  such  a s  r educed  n e u t r o n  Leakage 
o f  d e c r e a s e d  f i s s i o n  p r o d u e t  p o i s o n i n g ,  can  be e a s i l y  o b t a i n e d ,  
w i t h o u t  e x t e n s i v e  burnup c a l c u l a t i o n s .  
The a c c u r a c y  o f  t h i s  one-group model i s  v e r i f i e d  w i t h  t h e  
r e s u l t s  o f  burnup c a l c u l a t i o n s  performed a t  t h e  n u c l e a r  r e s e a r c h  
c e n t e r  Kernforschungsan lage  (KFA) J i i l i c h ,  F. R.G.  
S e c t i o n  111 .3  g i v e s  an  o u t l i n e  of  t h e  methodology;  a more 
e x t e n s i v e  d i s c u s s i o n  i s  c o n t a i n e d  i n  Appendix 1 I I . A .  The 
r e l e v a n t  g l o b a l  n e u t r o n  p a r a m e t e r s  a r e  e v a l u a t e d  and d i s c u s s e d  
i n  S e c t i o n  1 1 1 . 4 ,  and S e c t i o n  111 .5  summarizes t h e  r e s u l t s  of  
t h e  f i s s i l e  f u e l  c y c l e  a s s e s s m e n t s  performed and d i s c u s s e d  i n  
d e t a i l  i n  Appendix 1 I I . B .  
1 1 1 . 2 .  DESCRIPTION OF THE FISSILE AND FERTILE FUEL 
FLOWS I N  THE VARIOUS FISSILE FUEL CYCLES 
The i n h e r e n t  d e s i g n  f l e x i b i l i t y  of  t h e  HTR o f f e r s  t h e  p o s s i -  
b i l i t y  o f  u s i n g  e i t h e r  t h e  t h o r i u m  c y c l e  ( f e r t i l e  i s o t o p e  Th232) 
o r  t h e  uranium c y c l e  ( f e r t i l e  i s o t o p e  U238).  Each f u e l  c y c l e  
r e q u i r e s  a f e e d  of f i s s i l e  f u e l  as makeup, however. 
S i n c e  t h e  makeup c o u l d  be  U233, U235, o r  Pu239, t h e r e  are t h r e e  
c o n c e i v a b l e  f i s s i l e  f u e l  c y c l e s  t o  e a c h  f u e l  c y c l e .  They c a n  be  
reduced  t o  two f i s s i l e  f u e l  c y c l e s  p e r  f u e l  c y c l e  s i n c e  t h e r e  i s  
no p a r t i c u l a r  i n c e n t i v e  t o  s u p p l y  t h e  t h o r i u m  c y c l e ,  c o n v e r t i n g  
Th232 t o  U233, w i t h  Pu239 a s  f i s s i l e  f u e l .  The o n l y  L o g i c a l  
makeup f i s s i l e  i s o t o p e s  f o r  t h e  t h o r i u m  c y c l e  are e i t h e r  U235 
o r  U233. A s imi l a r  l i n e  o f  r e a s o n i n g  a p p l i e s  t o  t h e  uranium cy- 
cle ,  f o r  which U233 as makeup f u e l  i s  i m p r a c t i c a l .  
The number o f  f i s s i l e  f u e l  c y c l e s  p e r  f u e l  c y c l e  i n c r e a s e s  
t o  t h r e e  i f  one i n c l u d e s  t h e  r e c y c l i n g  mode o f  t h e  s e l f - b r e d  f i s -  
s i l e  f u e l .  Thus thor ium f i s s i l e  f u e l  c y c l e  C assumes t h a t  t h e  
s e l f - b r e d  U233 canno t  be r e c y c l e d  due  t o  a l a c k  o f  thor ium re- 
p r o c e s s i n g  f a c i l i t i e s  (Table  111 .1 ) .  Should such  f a c i l i t i e s  be- 
come a v a i l a b l e  t h e  s e l f - b r e d  U233 cou ld  be  r e c y c l e d  i n t o  t h e  
r e a c t o r ;  t h e  r e s u l t i n g  f i s s i l e  f u e l  c y c l e  i s  d e s i g n a t e d  f i s s i l e  
f u e l  c y c l e  B. S i n c e  B and C need a d d i t i o n a l  U235 a s  makeup i n  
t h e  form o f  h i g h l y  e n r i c h e d  uranium ( 9 3 $ ) ,  t h e y  b o t h  r e q u i r e  
c o n s i d e r a b l e  amounts o f  uranium o r e  ( U 3 0 8 ) .  
A s i m i l a r  l i n e  o f  r ea son ing  a p p l i e s  t o  t h e  uranium c y c l e .  
Recycl ing o f  s e l f - b r e d  Pu239 i s  assumed f o r  f i s s i l e  f u e l  c y c l e  E 
b u t  n o t  f o r  D. S i n c e  b o t h  c y c l e s  r e q u i r e  U235 i n  t h e  form o f  low 
e n r i c h e d  uranium ( - 3-45] , t h e y  a l s o  have uranium o r e  r e q u i r e -  
ments ,  s i m i l a r  t o  t h o s e  of c y c l e s  B and C. 
Should ,  however, an  e x c e s s  o f  f i s s i l e  i s o t o p e s  U233 and /o r  
2 Pu239 become a v a i l a b l e  th rough  t h e  FBR , t h e  U235 makeup f o r  B 
and E cou ld  be  r e p l a c e d  by U233 o r  Pu239, r e s p e c t i v e l y ,  and 
f i s s i l e  f u e l  c y c l e s  A and F would become v i a b l e .  I n  c y c l e  A t h e  
s e l f - b r e d  U233 i s  r e c y c l e d ,  and t h e  makeup i s  a l s o  i n  t h e  form of 
U233; c y c l e  F assumes Pu239 r e c y c l i n g ,  and t h e  makeup is  a l s o  
Pu239. Thus n e i t h e r  A nor  F h a s  a demand f o r  uranium o r e .  
The hyb r id  f i s s i l e  f u e l  c y c l e s  G and H could  become r e l e v a n t  
i f  t h e  p r o l i f e r a t i o n  i s s u e  r e q u i r e d  d e n a t u r a t i o n  o f  f i s s i l e  f u e l .  
They a r e  n o t  d i s c u s s e d  s p e c i f i c a l l y  s i n c e  t h e i r  f u e l  c y c l e  pe r -  
formance l i e s  w i t h i n  t h e  r a n g e  o f  t h e  f i s s i l e  f u e l  c y c l e s  i nves -  
t i g a t e d  h e r e .  
The HTR i s  l i m i t e d  t o  f i s s i l e  f u e l  c y c l e s  C o r  D a s  long  
a s  t h e r e  a r e  no a p p r o p r i a t e  f a c i l i t i e s  f o r  r e p r o c e s s i n g  t h e  
d i s cha rged  f u e l .  Should t h e y  become a v a i l a b l e  some t i m e  i n  t h e  
2 ~ n  an HTR sys tem,  t h e  U233 ( o r  Pu239) b r e d  by some HTRs can be  
t r a n s f e r r e d  t o  o t h e r  HTRs u t i l i z i n g  f i s s i l e  f u e l  c y c l e  A. The 
HTR U233 s u p p l i e r s ,  however, run on f i s s i l e  f u e l  c y c l e  C ,  which 
r e a u i r e s  c o n s i d e r a b l y  l a r q e r  q u a n t i t i e s  o f  U235. A r e a c t o r  
sys tem t h a t  o n l y  re l ies  on HTRs,  t h e r e f o r e ,  always r e q u i r e s  U235, 
e x c e p t  i n  t h e  ve ry  u n l i k e l y  c a s e  t h a t  t h e  convers ion .  r a t i o  o f  
t h e  e n t i r e  s y s t e n  becomes 2 1 . O .  
f u t u r e ,  t h e r e  would b e  a c h o i c e  o f  o p e r a t i n g  t h e  HTR o n  a n y  o n e  
of  t h e  f o u r  f i s s i l e  f u e l  c y c l e s ,  A ,  B, E l  or  F ,  p r o v i d e d  t h e  
a p p r o p r i a t e  f i s s i l e  f u e l  makeup i s  a v a i l a b l e .  F o r  t h e  f o l l o w i n g  
d i s c u s s i o n  o f  t h e s e  f o u r  f i s s i le  f u e l  c y c l e s ,  it w i l l  t a c i t l y  b e  
assumed t h a t  s u c h  r e p r o c e s s i n g  f a c i l i t i e s  e x i s t .  
111 .3 .  BASIC EQUATIONS RELATING TO THE FISSILE FUEL ECONOMIES 
OF THE VARIOUS FISSILE FUEL CYCLES 
Some o f  t h e  b a s i c  e q u a t i o n s  n e c e s s a r y  f o r  e v a l u a t i n g  t h e  
f i s s i l e  f u e l  e c o n o m i e s  o f  t h e  v a r i o u s  f i s s i l e  f u e l  c y c l e s  a r e  
b r i e f l y  i n t r o d u c e d  h e r e .  A d d i t i o n a l  d i s c u s s i o n s  are f o u n d  i n  
Append ices  1 I I . A  a n d  1 I I . B .  
us 1 1 1 3 . a .  F i s s i l e  F u e l  Demands d Z  and  d Z  
The n e t  f i s s i l e  fue 2 demand d Z ,  i n  kg/GW ( t h l d ,  i s  g i v e n  by 
E q u a t i o n  ( I - 3 6 ) ,  s u c h  t h a t  
( 1  + a )  I i s  w e i g h t e d  o v e r  t h e  c o m p o s i t i o n  o f  a l l  f i s s i l e  i s o t o p e s  
z  
i n  t h e  core. T h i s  v a l u e  h e a v i l y  d e p e n d s  on  t h e  p a r t i c u l a r  f i s s i l e  
f u e l  c y c l e  s i n c e  e a c h  h a s  a d i f f e r e n t  f i s s i l e  i s o t o p e  c o m p o s i t i o n .  
I n  t h e  n o n r e c y c l i n g  f i s s i l e  f u e l  c y c l e s  C a n d  D l  d Z  r e p r e -  
us 
s e n t s  t h e  d i f f e r e n c e  be tween  t h e  U235 l o a d e d ,  d e f i n e d  as d, , 
and  t h e  s e l f - b r e d  f i s s i l e  f u e l s  d i s c h a r g e d ,  Pu239 o r  U233, d e f i n e d  
as a  and  g i v e n  i n  E q u a t i o n  (111-4) ' .  
z  
E q u a t i o n  ( 1 1 1 - 1 )  d o e s  n o t  y i e l d  t h e  a c t u a l  U235 demand t o  
b e  s u p p l i e d  as makeup. I t  c a n  b e  shown t h a t  d:', t h e  U235 makeup, 
i n  kg/GW ( t h l d ,  i s  g i v e n  by 
us .  ( 1  + a) U5 i s  t h e  f i s s i l e  f u e l  c y c l e - w e i g h t e d  ( 1  + u )  , 
US IZ (Fm /F  I z  i s  t h e  f i s s i o n  f r a c t i o n  o f  t h e  U235 makeup (see 
Appendix 111. A )  , and w : ~  assumes t h e  meaning d e f i n e d  i n  Equa t ion  
1 ( 1 - 3 2 ) ;  WH v a l u e s  f o r  t h e  v a r i o u s  f i s s i l e  i s o t o p e s  i a r e  g i v e n  
3  below . 
A s  i s  shown i n  some g r e a t e r  d e t a i l  i n  Appendix I I I . A . l ,  t h e  
f i s s i o n  f r a c t i o n  o f  t h e  U235 makeup c a n  be  g i v e n  by 
I 
where (FE5/F ) i s  t h e  f i s s i o n  f r a c t i o n  o f  t h e  s e l f - g e n e r a t e d  
U235, i . e .  U235 produced by s u c c e s s i v e  n e u t r o n  c a p t u r e  i n  U233 
and U234. These  f i s s i o n  f r a c t i o n s  o f  U235 must  be  d e t e r m i n e d  
b e f o r e  t h e  d e s i r e d  U235 f e e d  dy5,  E q u a t i o n  (111-2) , c a n  b e  e v a l -  
u a t e d .  T h i s  i n  p a r t i c u l a r  h o l d s  f o r  f i s s i l e  f u e l  c y c l e s  B ,  C ,  
D ,  and E .  
u5 If d Z  and d Z  , i n  kg/GW(th)d,  a r e  known, t h e n  a Z ,  t h e  amount 
of  s e l f - b r e d  f i s s i l e  f u e l  d i s c h a r g e d  (U233 o r  P u 2 3 9 ) ,  c a n  be  
e v a l u a t e d  f o r  t h e  n o n r e c y c l e  f i s s i l e  f u e l  c y c l e s  C and D by 
'I£ t h e  u s a b l e  e n e r g y  r e l e a s e d  per  f i s s i o n  i s  assumed t o  be 
200 MeV, t h e n :  
w i t h  
w i t h  d:5 a n d  d Z  g i v e n  by  E q u a t i o n s  (111-2)  and  111- ) , r e s p e c -  
t i v e l y .  However,  t h e s e  two e q u a t i o n s  c a n  o n l y  be d e t e r m i n e d  i f  t h e  
I f i s s i o n  f r a c t i o n  d i s t r i b u t i o n  ( F ~ / F  ) i s  known. I t  c a n  b e  f o u n d  
i f  t h e  c o n v e r s i o n  r a t i o  CRZ f o r  f i s s i l e  f u e l  c y c l e  z  i s  known. 
I I I . 3 . b .  C o n v e r s i o n  R a t i o  CRZ 
Common t o  a l l  f i s s i l e  f u e l  c y c l e s  i s  t h e  r e l a t i o n  o f  t h e  
c o n v e r s i o n  r a t i o ,  which  i s  g i v e n  b y  E q u a t i o n  (1-25)  a n d  d e r i v e d  
i n  Appendix I .  C .  1  : 
CRZ i s  s e e n  t o  be d e t e r m i n e d  by  two g l o b a l  n u c l e a r  p a r a m e t e r s  
t h a t  w i l l  b e  shown t o  b e  l a r g e l y  i n d e p e n d e n t  o f  e a c h  o t h e r :  
t h e  f r a c t i o n a l  p a r a s i t i c  n e u t r o n  losses P ,  d e f i n e d  i n  E q u a t i o n  
(1-51,  w i l l  b e  shown t o  b e  p r i m a r i l y  d e t e r m i n e d  by  r e a c t o r  
-F 
I d e s i g n  a n d  f u e l  b u r n u p ;  and  q, ,  t h e  number o f  n e u t r o n s  r e l e a s e d  
p e r  f i s s i l e  a b s o r p t i o n  a n d  a v e r a g e d  o v e r  t h e  f i s s i l e  i s o t o p e s ,  
w i l l  b e  f o u n d  t o  d e p e n d  on  t h e  r e s p e c t i v e  f i s s i l e  f u e l  c y c l e .  
I f  t h e  f a c t o r s  a n d  r e l a t i o n s h i p s  d e t e r m i n i n g  t h e s e  t w o  p a r a m e t e r s  
are known, it i s  p o s s i b l e  t o  make a f u n d a m e n t a l  a s s e s s m e n t  o f  
- 
HTR f u e l  u t i l i z a t i o n .  
q z  i s  g i v e n  by  t h e  f o l l o w i n g  set  o f  E q u a t i o n s  ( I - 2 6 ) ,  ( I - 2 7 ) ,  
and  ( I - 2 8 ) ,  d e r i v e d  i n  Appendix  I . C . l :  
I ( F i / ~  I z  i s  t h e  f i s s i l e  f u e l  cyc le -dependen t  f i s s i o n  f r a c t i o n  o f  
i 
a  p a r t i c u l a r  f i s s i l e  i s o t o p e  i, and (1 + a I Z  t h e  c o r r e s p o n d i n g  
T 
I ( 1  + a )  v a l u e .  I t  i s  s e e n  t h a t  v, s t r o n g l y  depends  on f i s s i l e  
f u e l  c y c l e  z ,  s i n c e  b o t h  ( F i / ~ ' )  Z*and (1 + a )  : a r e  d e t e r m i n e d  
l a r g e l y  by t h e  f i s s i l e  f u e l  c y c l e .  
I n  t h e  t h e r m a l  HTR n e u t r o n  spec t rum,  t h e  f e r t i l e  i s o t o p e s  
U238 and Th232 have  a  n e g l i g i b l e  f i s s i o n  f r a c t i o n  ( ~ 0 . 5 % ) .  They 
v 
d o  n o t  a p p r e c i a b l y  c o n t r i b u t e  t o  v i  and C R ,  o t h e r  t h a n  i n  t h e  
c a s e  o f  t h e  FBR (see d i s c u s s i o n  I I . 9 . b ) .   heir c o n t r i b u t i o n  i s  
f e l t  o n l y  i n d i r e c t l y ,  i . e .  i n  t h e  n e u t r o n  p r o p e r t i e s  of  t h e  
s e l f - b r e d  f i s s i l e  i s o t o p e s  U233 o r  Pu239. The HTR c o n v e r s i o n  
r a t i o  t h u s  depends  o n l y  on t h e  f i s s i l e  i s o t o p e  c o m p o s i t i o n ,  re- 
f l e c t e d  by v:, and t h e  p a r a s i t i c  n e u t r o n  l o s s e s  P. 
I n  o r d e r  t o  d e t e r m i n e  t h e  f i s s i l e  f u e l  u t i l i z a t i o n  i n  t h e  
f i s s i l e  f u e l  c y c l e s ,  one  must  know t h e  f o l l o w i n g  p a r a m e t e r s :  
-- P = f r a c t i o n  o f  p a r a s i t i c  l o s s e s ;  
-- 
i 
v = n e u t r o n  r e l e a s e  p e r  f i s s i o n  of  i n d i v i d u a l  
f i s s i l e  i s o t o p e s  i; 
-- ( 1  + a )  = HTR spect rum-weighted  ( 1  + a )  v a l u e s  of  
z  
e a c h  f i s s i l e  i s o t o p e  i; 
- 
-- 
I ( F i / ~  ) z  = f i s s i o n  f r a c t i o n  d i s t r i b u t i o n  o f  t h e  i n d i -  
v i d u a l  i s o t o p e s .  
i i P I  v , and ( 1  + a ) z  a r e  n u c l e a r  p a r a m e t e r s ;  t h e y  a r e  d i s c u s s e d  i n  
t h e  f o l l o w i n g  s e c t i o n  on t h e  b a s i s  of  t h e  burnup  c a l c u l a t i o n s  a v a i l -  
a b l e .  The f i s s i l e  f u e l  cyc le -dependen t  f i s s i o n  f r a c t i o n  d i s t r i -  
b u t i o n  ( F ~ / F ' ) ~  c a n  t h e n  be e v a l u a t e d  w i t h  t h e  h e l p  o f  a n a l y t i c a l  
r e l a t i o n s ,  d e r i v e d  and  d i s c u s s e d  i n  d e t a i l  i n  Appendix 1 I I . A .  
I I I .  4 .  GLOBAL H T R  NEUTRON DATA FOR THE VARIOUS 
FISSILE FUEL CYCLES 
i i I n  o r d e r  t o  d e t e r m i n e  CR,  p a r a m e t e r s  P I  v , and ( 1  + a )  
must be o b t a i n e d  f o r  e a c h  f i s s i l e  f u e l  c y c l e .  R e p r e s e n t a t i v e  
p a r a m e t e r  v a l u e s  can  be e x t r a c t e d  from t h e  n e u t r o n  b a l a n c e  
d i s t r i b u t i o n s  o f  t h e  burnup c a l c u l a t i o n s  performed s t  KFAJi i l i ch .  
I I I . 4 . a .  P a r a s i t i c  Neutron L o s s e s  P  i n  t h e  HTR 
A s  is  t h e  c a s e  i n  t h e  FBR, a  c o n s i d e r a b l e  f r a c t i o n  o f  t h e  
n e u t r o n s  a v a i l a b l e  i s  l o s t  i n  t h e  HTR by p a r a s i t i c  a b s o r p t i o n  
a n d  l e a k a g e .  These p a r a s i t i c  l o s s e s  a r e  g i v e n  i n  E q u a t i o n  (1-5)  
as  
where t h e  r i g h t  hand t e r m s  r e p r e s e n t  t h e  f r a c t i o n a l  n e u t r o n  
l o s s e s :  L i s  due  t o  l e a k a g e ,  FP i s  l o s s e s  due  t o  a b s o r p t i o n  i n  
f i s s i o n  p r o d u c t s ,  S t  i n  s t r u c t u r a l  m a t e r i a l ,  M i n  t h e  m o d e r a t o r ,  . 
4 
C i n  t h e  c o n t r o l  r o d s ,  and R i n  p a r a s i t i c  a c t i n i d e s  . 
T a b l e  111.2 l i s t s  t h e  c o n t r i b u t i o n s  o f  t h e s e  t e r m s  t o  p a r a -  
s i t i c  a b s o r p t i o n  P  f o r  s e v e r a l  HTR r e f e r e n c e  d e s i g n s ;  t h e y  a r e  
e x t r a c t e d  from t h e  n e u t r o n  b a l a n c e s  o f  burnup  c a l c u l a t i o n s  p e r -  
formed a t  KFA ( T e u c h e r t  e t  a l .  1972, 1974a and b ;  S c h u l t e n  e t  
a l .  1 9 7 7 ) .  The r e l e v a n t  f u e l  c y c l e s  o f  t h e  HTR i n v e s t i g a t e d  a r e  
g i v e n  i n  t h e  sequence  o f  t h e  nomenc la tu re  o f  T a b l e  111.1.  
4~ can  a l s o  b e  d e t e r m i n e d  a s  
w i t h  
i s  t h e  p a r a s i t i c  a b s o r p t i o n  i n  e a c h  o f  t h e  i n t e r m e d i a t e  
a c t i n i d e s  Pa233, Np239, e t c ;  A i+ l  is t h e  p a r a s i t i c  a b s o r p t i o n  
i n  a c t i n i d e s  such  a s  U236, Pu242, Np237. A b s o r p t i o n  o f  a  
n e u t r o n  i n  Pa233 o r  Np239 means l o s s  o f  t h e  n e u t r o n  and t h e  
l o s s  o f  f i s s i l e  i s o t o p e  U233 o r  Pu239, c o n s t i t u t i n g  a  d o u b l e  
e n t r y  i n  t h e  n e u t r o n  b a l a n c e .  
C J 
e . g .  c a s e s  A-1, A - 2 ,  e t c ,  r e p r e s e n t  burnup c a l c u l a t i o n s  f o r  
f i s s i l e  f u e l  c y c l e  A .  
T a b l e  1 1 1 . 2 .  D i s t r i b u t i o n  o f  t h e  p a r a s i t i c  l o s s  f r a c t i o n s  o f  t h e  HTR f o r  v a r i o u s  f i s s i l e  f u e l  
c y c l e s  and  d e s i g n s  ( b u r n u p  and  r e a c t o r  s i z e ) ,  t a k e n  f rom a v a i l a b l e  b u r n u p  cal- 
c u l a t i o n s .  
-- -- .- - 
F i s s i l e  R e a c t o r  F u e l  F i s s i o n  p r o d u c t s  P  = I, + FP + ( S t  + M) + R  
f u e l  p o w e r  b u r n u p  - P  R e f e r e n c e  
c y c l e 1  G W ( t h )  G ~ d / t  X e  S F  P  I, S t  + M R 
' I ' l~or ium c y c l e :  
. 0 1 3 4  - 1 2 2 7  C a s e  4 0 2 2 / ~ 2  T e u c h e r t  1 9 7 4 c *  
- 0 1 7 3  - 1 4 5 2  C a s e  1 4 9 0 7  T e u c h e r t  1 9 7 4 c *  
. 0 1 1 1  . I 0 4 1  C a s e 3 2 1 2  T e u c h e r t  1 9 7 6  
B- 1  1  1 1 3  . 0 2 1 6  . 0 9 8 8  . I 2 0 4  . 0 8 9 3  . 0 3 2 5  . 2 4 2 2  C a s e  B  T e u c h e r t  1 9 7 4 a  
8-2 1  9  2  - 0 2 0 8  . 0 8 4 9  . I 0 5 7  . 0 7 4 7  . 0 1 5 7  . 0 2 7 9  . 2 2 4 6  C a s e X I  T e u c h e r t  1 9 7 4 a  
C -  1  2 . 7  1 0 6  - 0 2 1 7  - 0 9 9 5  . I 2 1 2  . 0 6 7 3  . 0 1 7 7  . 0 2 2 8  - 2 2 9 0  R e f . C a s e  1  T e u c h e r t 1 9 7 4 b  
C -  2  1  1 1 0  , 0 2 2 1  . I 0 3 6  - 1 2 5 7  . 0 9 3 0  . 0 3 6 9  . 2 5 5 6  C a s e  4 8 2 0 0  1 , o h n e r t  1973** 
C -  3 1  11 1  - 0 2 1 9  . l o 3  - 1 2 4 8  . 0 9 0 6  . 0 3 7 9  . 2 5 2 4  C a s e  A T e u c h e r t  1 9 7 4 a  
C -  4  1  9  1  . 0 2 1 5  - 0 9 1 6  - 1 1 3 1  . 0 7 6 J  . 0 1 7 5  . 0 2 2 4  . 2 2 4 0  R e f .  C a s e  I T e u c h e r t  1 9 7 4 a  
C- 5  3 2  3 . 0 2 1  . 0 4 9 5  . 0 7 0 5  . 0 4 8 4  . 0 3 2 6  - 1 5 1 5  C a s e  323-B T e u c h e r t  1 9 7 6 *  
Uran ium c y c l e :  
- -- -- -- 
( S t  -k M) + R ,  FP X e .  
1 F o r  f i s s i l e  f u e l  c y c l e  d e s i g n a t i o n s  see T a b l e  1 1 . 1 .  
. 0 0 8 4  - 1 8 6 7  C a s e  23502  L o h n e r t  1 9 7 4 * *  
. 0 1 0 9  , 2 3 1 4  C a s e  1 8 2 0 0  L o h n e r t  1973**  
. 0 0 9  - 1 8 3 0  LOTTO I11 T e u c h e r t  1 9 7 4 a  
C a s e  IV T e u c h e r t  1 9 7 2  
C a s e  V  T e u c h e r t  1 9 7 2  
C a s e  I T e u c h e r t  1 9 7 2  
C a s e  VI  T e u c h e r t  1 9 7 2  
-- ---- 
" P e r s o n a l  c o m m u n i c a t i o n ,  
KFA J f l l j . c h ,  F.R.G. 
* : t P e r s o n a l  c o n m ~ u n i c a t i o n ,  
G e s e l l s c h a f t  fur Hnch- 
t e r n p e r a t u r ,  A e n s b e r q ,  F.R.G. 
A l s o  i n d i c a t e d  i n  column 2  i s  t h e  r e s p e c t i v e  r e a c t o r  power ,  re- 
f l e c t i n g  t h e  s i z e  of  t h e  core and h e n c e  t h e  l e a k a g e  t e r m  L.  The 
f u e l  bu rnup  i s  t a b u l a t e d  i n  column 3. FP, t h e  a b s o r p t i o n  losses 
i n  t h e  f i s s i o n  p r o d u c t s ,  i s  s e p a r a t e d  i n t o  a xenon f r a c t i o n  X e  
and a r e m a i n i n g  S f r a c t i o n :  
Examining t h e  d i s t r i b u t i o n  o f  t h e  p a r a s i t i c  l o s s e s  more 
c l o s e l y  r e v e a l s  t h a t  
-- The l a r g e s t  f r a c t i o n  o f  p a r a s i t i c  l o s s e s  i s  d u e '  t o  ab- 
s o r p t i o n s  i n  t h e  f i s s i o n  p r o d u c t s .  
-- The s e c o n d  l a r g e s t  l o s s e s  o c c u r  a s  a r e s u l t  o f  l e a k a g e .  
-- The p a r a s i t i c  losses i n  t h e  s t r u c t u r a l  materials  and  i n  
t h e  m o d e r a t o r  are i n s i g n i f i c a n t .  
-- The t o t a l  p a r a s i t i c  losses P r a n g e  from 0 . 1 8  t o  0 . 2 5  
f o r  b u r n u p s  l a r g e r  t h a n  8 0  G W d / t .  
-- The p a r a s i t i c  xenon  f r a c t i o n  a p p e a r s  t o  r e a c h  a n  e q u i -  
l i b r i u m  v a l u e  of  X e  = 0 . 0 2  f o r  a l l  b u r n u p s .  
-- The p a r a s i t i c  l o s s e s  i n  t h e  a c t i n i d e s  are l a r g e r  i n  
t h e  t h o r i u m  c y c l e  t h a n  i n  t h e  u ran ium c y c l e .  
T h e s e  o b s e r v a t i o n s ,  which  a r e  now d i s c u s s e d  i n  more  d e t a i l ,  a r e  
i n  some cases r e l a t e d  t o  t h e  c o r r e s p o n d i n g  v a l u e s  o b s e r v e d  i n  
FBRs ( T a b l e  11 .2  1 ) . 
The m o s t  i m p o r t a n t  p a r a s i t i c  l o s s e s  i n  t h e  HTR a r e  t h e  
losses i n  t h e  f i s s i o n  p r o d u c t s ,  FP,  I n  t h e  t h e r m a l  HTR s p e c t r u m ,  
a  clear  c o r r e l a t i o n  s h o u l d  b e  o b s e r v a b l e  be tween t h e  S f r a c t i o n ,  
which  e x c l u d e s  t h e  X e  l o s s e s ,  and  f u e l  bu rnup .  T h i s  i s  i l l u s -  
t r a t e d  by F i g u r e  1 1 1 . 1 ,  i n  which  S i s  p l o t t e d  a s  a  f u n c t i o n  
o f  f u e l  bu rnup .  T h i s  l o s s  f r a c t i o n  c l e a r l y  i n c r e a s e s  a s  t h e  
b u r n u p s  i n c r e a s e s ;  f o r  h i g h  b u r n u p s ,  t h e  u ran ium c y c l e  w i t h  
S 0 . 0 8  e x h i b i t s  a  s m a l l e r  S f r a c t i o n  t h a n  t h e  t h o r i u m  c y c l e  
5 
w i t h  S - 0 . 1 6 .  A t  l o w  b u r n u p s  o f  20-30 GWd/t, S r e d u c e s  t o  
6 ~ h e  f i s s i o n  p r o d u c t s  o f  U233 h a v e  l a r g e r  a b s o r p t i o n  c r o s s  s e c t i o n s ,  
which e x p l a i n s  t h e  l a r g e r  l o s s e s  i n  t h e  t h o r i u m  c y c l e .  
Fuel Burnup ( GW(th)dlt 
F i g u r e  111.1.  F r a c t i o n s  o f  n e u t r o n  a b s o r p t i o n  i n  t h e  f i s s i o n  
p r o d u c t s  ( e x c l u d i n g  X e  a b s o r p t i o n s )  of  t h e  HTR 
t h o r i u m  and uranium c y c l e s ,  as a f u n c t i o n  o f  
f u e l  burnup ( d a t a  from T a b l e  1 1 1 . 2 ) .  
v a l u e s  between 0 . 0 5  aild 0 . 0 4 .  A d e c r e a s e  i n  f u e l  burnup t h u s  
l e a d s  t o  a  s i g n i f i c a n t  r e d u c t i o n  of  S by a b o u t  0 .05  t o  0 . 0 7 ,  o r  
5  t o  7  p o i n t s .  Comparing t h e s e  v a l u e s  w i t h  t h e  FP f r a c t i o n  o f  
t h e  FBR i n  T a b l e  11 .21 ,  one o b s e r v e s  t h a t  i n  t h e  FBR t h e  f i s s i o n  
p r o d u c t  l o s s e s  a r e  r e l a t i v e l y  s i g n i f i c a n t  f o r  t h e  t o t a l  PN l o s s e s .  
The impac t  of  t h e  burnup on P  and t h u s  on C R  o r  B% i s  t h e r e f o r e  
much l a r g e r  i n  t h e  HTR t h a n  i n  t h e  FBR. 
The second l a r g e s t  p a r a s i t i c  l o s s  f r a c t i o n  i n  t h e  HTR, l e a k -  
age  l o s s e s  L ,  i s  s e e n  t o  v a r y  between 0 . 0 4  and 0 .10 .  L  l o s s e s  
a r e  found t o  be  l a r g e r  w i t h  HTR d e s i g n s  of  power o u t p u t  less t h a n  
1 GW(th),  whereas  a n  i n c r e a s e  i n  p l a n t  s i z e  t o  3 ~ ~ ( t h )  d e c r e a s e s  
L t o  0 . 0 4 .  The L r a n g e  i n  t h e  FBR is between 0 . 0 6 5  and  0 .02 .  
SNR 300, w i t h  a  p l a n t  s i z e  o f  0 . 3  G W ( e ) ,  c l e a r l y  shows t h e  
l a r g e s t  L  o f  0 .066,  whereas  FBRs o f  1-2 G W ( e )  s i z e  show L 
l o s s e s  o f  a b o u t  9.015.  T h e r e f o r e ,  l e a k a g e  l o s s e s  L a r e  
i n f l u e n c e d  by r e a c t o r  s i z e  i n  b o t h  FBRs and HTRs, w i t h  FBRs 
e x h i b i t i n g  a  t e n d e n c y  t o  g e n e r a l l y  lower  v a l u e s .  
The l o s s e s  i n  t h e  s t r u c t u r a l  m a t e r i a l s ,  S t ,  a r e  u n i m p o r t a n t  
f o r  t h e  HTR. I n  t h e  FBR, S t  r e p r e s e n t s  t h e  l a r g e s t  l o s s  c o n t r i -  
b u t i o n  o f  0.04-0.10. D e c r e a s i n g  t h i s  l o s s  f r a c t i o n  i n  t h e  FBR 
r e q u i r e s  a  r e d e s i g n  o r  p o s s i b l y  a  t e c h n o l o g i c a l  i n n o v a t i o n  i n  
FBR f u e l  and /o r  c l a d d i n g  material  p r o p e r t i e s .  S t  i n  t h e  FBR 
g e n e r a l l y  c a n n o t  be  i n f l u e n c e d  t o  t h e  e x t e n t  t h e  S f r a c t i o n  
i n  t h e  HTR c a n  be  a d j u s t e d .  
The above a rguments  l e a d  one  t o  i n f e r  t h a t  t h e  FP and L 
f r a c t i o n s  o f  t h e  HTR c a n  be i n f l u e n c e d  by v a r i a t i o n  o f  f u e l  
burnup and /o r  r e a c t o r  s i z e .  By c o n t r a s t ,  l o s s  f r a c t i o n s  X e  and 
R s e e m  t o  be  less i n f l u e n c e d  by t h e s e  f a c t o r s .  X e  seems t o  
a p p r o a c h  a n  e q u i l i b r i u m  v a l u e  o f  a p p r o x i m a t e l y  0.021 a t  a f a i r l y  
wide r a n g e  o f  burnups  f o r  a l l  f i ss i le  f u e l  c y c l e s  f rom B t o  D .  
A s  t h e  xenon c o n c e n t r a t i o n  i n  t h e  r e a c t o r  a t t a i n s  a n  e q u i l i b r i u m  
w i t h i n  t h e  f i r s t  few d a y s  o f  r e a c t o r  o p e r a t i o n ,  X e  c a n  t h u s  be 
assumed t o  be  l a r g e l y  i n d e p e n d e n t  of  f u e l  burnup.  X e  s h o u l d  de-  
c r e a s e ,  however,  as t h e  a v e r a g e  n e u t r o n  f l u x  d e c r e a s e s .  T h i s  
h a s  been  o b s e r v e d  f o r  t h e  HTR d e s i g n s  d e s i g n a t e d  A-1, A-2, and 
A-3 i n  T a b l e  111.2- -cases  where  t h e  h i g h e r  f i s s i l e  e n r i c h m e n t  
r e q u i r e d  f o r  t h e s e  c y c l e s  r e d u c e s  n e u t r o n  f l u x  a .  I n  g e n e r a l ,  
X e  and  R t a k e  on  g r e a t e r  i m p o r t a n c e  o n l y  i n  t h e  case o f  P < 0.10.  
The above  o b s e r v a t i o n s  a b o u t  t h e  d i s t r i b u t i o n  o f  t h e  pa- 
r a s i t i c  n e u t r o n  l o s s e s  among t h e  v a r i o u s  HTR l o s s e s  a r e  summa- 
r i z e d  i n  T a b l e  111 .3 .  The r e l a t i v e l y  l a r g e  P f r a c t i o n  o f  0 . 2 4  
f o r  HTRs o f  s m a l l  s i z e  (1-GW ( t h !  u n i t )  and  h i g h  f u e l  burnup i s  
assumed t o  d e c r e a s e  w i t h  l a r g e r  p l a n t  s i z e s  (3-GW ( t h )  u n i t s )  and 
w i t h  r e d u c e d  f u e l  bu rnup .  P v a l u e s  as low as 0 . 0 9  a p p e a r  t o  be 
a c h i e v a b l e  i f  t h e  f u e l  burnup i s  h e l d  a t  20-30 Gwd/t. 
Accord ing  t o  T a b l e  111 .2 ,  t h e r e  i s  no s i g n i f i c a n t  d i f f e r -  
ence  i n  P between t h e  t h o r i u m  and uranium c y c l e s .  Accoun t ing  
f o r  t h e  s l i g h t l y  s m a l l e r  R l o s s e s  i n  t h e  t h o r i u m  c y c l e ,  however,  
T a b l e  111 .3  l i s t s  somewhat d i f f e r e n t  P v a l u e s  f o r  t h e  t h o r i u m  
and uranium c y c l e s .  These  P v a l u e s  s e r v e  a s  r e f e r e n c e  v a l u e s  
f o r  t h e  f u e l  c y c l e  a s s e s s m e n t s  d i s c u s s e d  i n  t h e  f o l l o w i n g  
s e c t i o n s .  
T a b l e  111.3 .  E s t i m a t e d  i n f l u e n c e  of  f u e l  burnup and r e a c t o r  s i z e  
on t h e  n e u t r o n  l o s s  f r a c t i o n s  FP ( f i s s i o n  p r o d u c t s  
and xenon) , L ( l e a k a g e )  , R ( p a r a s i t i c  a c t i n i d e s )  , 
and P ( t o t a l  p a r a s i t i c  n e u t r o n  l o s s e s )  f o r  t h e  HTR 
t h o r i u m  and uranium c y c l e s .  
F u e l  c y c l e  Thorium c y c l e  Uranium c y c l e  
F i s s i l e  f u e l  c y c l e  A t  B, C D ,  E, F 
Loss f r a c t i o n s  P  L F P R  P L F P R  
R e a c t o r  s i z e :  1  GW(th) 
-24  .09 .12 .03  .23  .10 -11  .O1 
F u e l  burnup:  100 ~ ~ d / t  
R e a c t o r  s i z e :  3  GW(th) 
F u e l  burnup:--100 GWd/t .20 . 0 5  .12 .03  .19 .06 . l l  .01 
-53 GWd/t . 1 5  . 0 5  .08 .02 .14 .06 .07 .O1 
-30 GWd/t .12 . 0 5  .06  .O1 . l l  .06  . 0 5  - 
-20 GWd/t .10 . 0 5  .04 .O1 .09 .06  - 0 3  - 
P =  L + F P +  R +  ( S t  + M ) ,  F P =  S +  X e .  
111.4 .b .  HTR Spectrurp-Weighted ( 1  + a )  and F i s s i l e  I s o t o p e -  
Dependent v1 Va lues  
The n e u t r o n  p a r a m e t e r s  t h a t  remain  t o  b e  d e t e r m i n e d  a r e  t h e  
i f i s s i l e  i s o t o p e -  and f i s s i l e  f u e l  cyc le -dependen t  ( 1  + a ) Z  v a l u e s  
and t h e  f  i s s i l e  i s o t o p e - d e p e n d e n t  vi v a l u e s .  The (1 + a )  & v a l u e s  
have  t o  be e x t r a c t e d  from t h e  burnup c a l c u l a t i o n s ,  whereas  t h e  
vi v a l u e s  a r e  shown t o  b e  i n d e p e n d e n t  o f  t h e  f i s s i l e  f u e l  c y c l e .  z  
I n  t h e  HTR most  n e u t r o n s  a r e  absorbed  i n  t h e  t h e r m a l  o r  
e p i t h e r m a l  n e u t r o n  e n e r g y  r a n g e .  The d i s t r i b u t i o n  between t h e  
t h e r m a l  and e p i t h e r m a l  a b s o r p t i o n s  depends  on t h e  p r e v a i l i n g  neu- 
t r o n  energy  spec t rum,  which i n  t u r n  i s  d e t e r m i n e d  by t h e  modera- 
t i o n  r a t i o .  S i n c e  d i f f e r e n t  modera t ion  r a t i o s  a r e  e x p e c t e d  f o r  
t h e  v a r i o u s  f i s s i l e  f u e l  c y c l e s ,  t h e  v a l u e s  o f  t h e  energy-de-  
p e n d e n t  g l o b a l  n e u t r o n  p a r a m e t e r s  a r e  a l s o  e x p e c t e d  t o  d i f f e r  
f o r  e a c h  f i s s i l e  f u e l  c y c l e .  The vi v a l u e s  a r e  e n e r g y  d e p e n d e n t  
T a b l e  1 1 1 . 4 .  F i s s i l e  i s o t o p e  d a t a  f o r  t h e  v a r i o u s  f i s s i l e  f u e l  
c y c l e s .  
F i s s i l e  f u e l  c y c l e  P a r a m e t e r s  U233 U235 Pu239 Pu241 
( l + a l l *  1.125 1.298 - - Thorium c y c l e :  
F i s s i l e  f u e l  v i**  2.50 2.43 
c y c l e  A 
n 
i 2.222 1.872 
( l + a ) l t  1 . I04  ~1.248 1.356 1.159 Thorium c y c l e :  
F i s s i l e  f u e l  vi** 2.50 2.43 2.89 2.97 
c y c l e s  B ,  C i 
rl 2.264 1 .947 2.131 2.562 
Uranium c y c l e :  ( ~ + a ) ~ t i  
F i s s i l e  f u e l  vi** 
c y c l e s  D ,  E ,  F i 
n 
* These v a l u e s  a r e  mean v a l u e s  of  c a s e s  A - 1 ,  A - 2 ,  and A-3 
l i s t e d  i n  T a b l e  111.5  ( r e f e r e n c e s  a r e  g i v e n  i n    able 1 1 1 . 2 ) .  
* *  P e r s o n a l  communciat ion by E. Teucher t , .  Kernforschungs-  
a n l a g e  J f l l i c h ,  FRG ( 1 9 7 4 ) ;  good agreement  w i t h  BNL-5800 and 
ENDF/B-111. 
t These  v a l u e s  a r e  mean v a l u e s  o f  c a s e s  B-1 t o  C-5 l i s t e d  i n  
T a b l e  111.5 .  The Pu v a l u e s  a p p e a r  somewhat low, b u t  have  
o n l y  a n  i n s i g n i f i c a n t  i n f l u e n c e  on  t h e  n e u t r o n  b a l a n c e s  o f  
t h e s e  c a s e s .  
t t  The U235 v a l u e  r e p r e s e n t s  t h e  mean v a l u e  o f  c a s e s  D-1 t o  
D - 4 .  S i n c e  t h e  Pu239 and Pu 241 v a l u e s  o f  1.460 and 1 .265 ,  
r e s p e c t i v e l y ,  a s  t h e y  w e r e  d e t e r m i n e d  from t h e s e  c a s e s ,  seem 
somewhat t o o  low, t h e  v a l u e s  from T e u c h e r t  and Brandes  (1975,  
p .  139) w e r e  used  f o r  t h e s e  i s o t o p e s .  The c o r r e s p o n d i n g  Pu 
v a l u e  o f  1.627 from t h e  program s y s t e m  O R I G I N  a g r e e s  w e l l  
w i t h  t h e s e  v a l u e s .  
i n  t h e  upper  e n e r g y  r a n g e  o f  > 100 keV. I n  t h e  t h e r m a l  and e p i -  
t h e r m a l  e n e r g y  r a n g e s ,  however,  t h e y  remain  c o n s t a n t  f o r  a l l  
p r a c t i c a l  p u r p o s e s ,  s i n c e  a b s o r p t i o n  i n  t h e  h i g h  e n e r g y  r e g i o n  
i s  o f  l i t t l e  impor tance  i n  t h e  HTR. U n a f f e c t e d  by change i n  
t h e  d i s t r i b u t i o n  of  t h e r m a l  and e p i t h e r m a l  a b s o r p t i o n s  due  t o  
i 
a  chang ing  m o d e r a t i o n  r a t i o ,  t h e  v v a l u e s  a r e  t h e r e f o r e  
independen t  o f  t h e  f i s s i l e  f u e l  c y c l e .  T h i s  i s  r e f l e c t e d  by 
Tab le  1 1 1 . 4 ,  where t h e  i s o t o p e - d e p e n d e n t  v i  v a l u e s  a r e  t h e  Same 
f o r  a l l  f i s s i l e  f u e l  c y c l e s .  These  v a l u e s  were t a k e n  from t h e  
modified GAM n u c l e a r  d a t a  s e t  (30 thermal  and 68 ep i the rma l  energy 
groups used a t  KFA J u l i c h ,  which show good agreement w i t h  t h e  
va lues  i n  BNL-5800, i n  t h e  ENDF/B-111 (Kidman and Scheuter  1971) ,  
and i n  t h e  HAMMER group c o n s t a n t  set (Suich and Honeck 1 9 6 7 ) ) .  
The by f a r  m o s t  cr i t i ca l  parameters  among t h e  g l o b a l  neu t ron  
parameters ,  and also t h e  m o s t  d i f f i c u l t  t o  determine  a c c u r a t e l y ,  
a r e  t h e  f i s s i l e  i so tope -  and f i s s i l e  f u e l  cycle-dependent ( 1  + a): 
va lues .  They must be e x t r a c t e d  from t h e  neut ron  ba l ance  d i s t r i b u -  
t i o n  of t h e  burnup c a l c u l a t i o n s ,  s i n c e  t h e y  a r e  h i g h l y  energy de- 
pendent and thus  f i s s i l e  f u e l  c y c l e  s p e c i f i c .  Table  111.5 l i s t s  
t h e s e  v a l u e s  a s  t hey  w e r e  e x t r a c t e d  from t h e  burnup c a l c u l a t i o n s  
r e f e r r e d  t o  i n  Table  1 1 1 . 2 ,  f o r  f i s s i l e  f u e l  c y c l e s  A,  B, C ,  and 
D. No burnup c a l c u l a t i o n s  were a v a i l a b l e  f o r  c y c l e s  E and F. 
The ( 1  + a )  : v a l u e s  of  a p a r t i c u l a r  i s o t o p e  and of a p a r t i -  
c u l a r  f i s s i l e  f u e l  c y c l e  a r e  observed t o  f a l l  w i t h i n  a  r e l a t i v e -  
l y  narrow band, as i s  t h e  case, f o r  example, w i t h  U235 i n  
c y c l e  C. The moderation r a t i o s  a r e  a l s o  l i s t e d .  The i so tope -  
s p e c i f i c  ( 1  + a) :  v a l u e s  of Table  111.5 were averaged ove r  a l l  
t h e  v a l u e s  a v a i l a b l e  f o r  a  g iven  f i s s i l e  f u e l  c y c l e .  These 
i 
mean (1  + a ) Z  v a l u e s  a r e  l i s t e d  i n  Table  1 1 1 . 4 ,  t o g e t h e r  w i t h  
t h e  cor responding  n t  v a l u e s ,  which can now be e v a l u a t e d  s i n c e  
L, i v and (1  + a) a r e  known. 
The i n f l u e n c e  of t h e  moderation r a t i o  o r  of t h e  neu t ron  
spectrum on ( 1  + a )  i s  seen  i n  p a r t i c u l a r  f o r  U235. The modera- 
t i o n  r a t i o  of f i s s i l e  f u e l  c y c l e  C c e n t e r s  around an average 
va lue  of 230, b u t  t h a t  of c y c l e  D around 420. A l a r g e r  modera- 
t i o n  r a t i o  i m p l i e s  a s o f t e r  neu t ron  spectrum, p l a c i n g  more 
emphasis on thermal  r a t h e r  t h a n  on ep i the rma l  abso rp t ions .  
( 1  + a IU5  i s  known t o  be a  v e r y  s e n s i t i v e  f u n c t i o n  of t h e  neut ron  
energy ,  i n c r e a s i n g  t o  g e n e r a l l y  h ighe r  v a l u e s  as t h e  neu t ron  
spectrum s o f t e n s .  T h i s  i s  r e f l e c t e d  by t h e  average  ( 1  + a )  U5 
va lue  of  1.362 i n  f i s s i l e  f u e l  c y c l e  D compared t o  1.248 i n  
c y c l e  C. The s e n s i t i v i t y  of t h e  neu t ron  energy t o  ( 1  + a )  i 
i s  i l l u s t r a t e d  by F igu re  111.2, where ( 1  + a )  i s  p l o t t e d  f o r  
i s o t o p e s  U233, U235, Pu239, and Pu241 i n  t h e  thermal  and i n  p a r t  
of t h e  ep i the rma l  energy r e g i o n s ,  from 0 t o  5  eV. I t  must be 
emphasized a t  t h i s  p o i n t  t h a t  h e t e r o g e n e i t y  and f u e l  t empera tu re  
i 
Table 111.5. HTR spectrum-averaged (1 + a )  values* of fissile 
isotopes for various fissile fuel cycles and their 
- 
moderation ratios i?c/~HM from the burnup calcu- 
lations available. 
Fissile Moderation 
Fuel U233 U235 Pu239 Pu24 1 ratio 
Cycle** NC/~HM 
Thorium c y c l e  
A- 1 1 .I26 
A- 2 1 .I25 
A- 3 1 .I23 
Uranium c y c l e  
D- 1 
D- 2 
D-3 
D- 4 
I 
* Fissile fractions (Fi/F and absorptions are extracted 
f rorn the neutron balances. (1 + a )  can be determined by 
i 
using v from Table 111.4 and the equation: 
* *  See Table 111.2. for references. 
* * *  Mean values for Pu239/241. 
Energy (eV 1 
F i g u r e  111.2 .  ( 1  + a )  ene rgy  g roup  d a t a  f o r  Pu239, U235, and 
U233 from 0 t o  5 e V .  
have a  v e r y  i m p o r t a n t  i n f l u e n c e  on t h e  f i s s i l e  f u e l  c y c l e - s p e c i -  
f i c  (1  + a )  v a l u e s ,  s o  t h a t  a  comparison between t h e  d a t a  l i s t e d  
i n  T a b l e s  1 1 1 . 4  and 111.5 and t h o s e  p l o t t e d  i n  F i g u r e  1 1 1 . 2  i s  n o t  
i d i r e c t l y  a p p l i c a b l e .  However, t h e  g e n e r a l  t r e n d  o f  ( 1  + a )  
a s  a  f u n c t i o n  o f  n e u t r o n  ene rgy  or modera t ion  r a t i o  i s  c l e a r l y  
demons t ra ted .  
Some of  t h e  d a t a  i n  F i g u r e  111.2 a r e  t a k e n  from t h e  d a t a  se t  
of  t h e  HAMMER sys tem ( S u i c h  and Honeck 1 9 6 7 ) ,  and some from measure- 
ments performed by Gwin e t  a l .  ( 1 9 7 6 ) .  Gwin g i v e s  t h e  r a t i o s  o f  
t h e  a b s o r p t i o n  and f i s s i o n  c r o s s  s e c t i o n s  measured.  
A s m a l l e r  modera t ion  r a t i o  Nc/NHM s h i f t s  t h e  n e u t r o n  spec t rum 
from t h e  t h e r m a l  i n t o  t h e  e p i t h e r m a l  ene rgy  r a n g e ,  where t h e  (1 + a) 
v a l u e s  f o r  Pu239 and U235 a r e  h i g h e r .  U233, by c o n t r a s t ,  r emains  
l a r g e l y  c o n s t a n t  o v e r  t h e  e n t i r e  t he rma l  and e p i t h e r m a l  energy  
r a n g e s .  
1- can be inferred from the energy dependence of the (1 + a)i 
values of U235 and U233 in Figure 111.2 that the moderation ratio 
in the thorium cycle has relatively little influence on the HTR 
i 
spectrum-averaged ( 1  + a) values, since ( 1  + a)U3 is relatively 
c 7 LLat. The moderation ratio in the uranium cycle, on the other 
iisnd, is considerably more significant due to the steep rise of 
i (5 + a) of Pu239, 
The (1 + a) values of the Pu isotopes, which were determined 
from the neutron balances available, still seem somewhat uncertain. 
4s regards thorium fissile fuel cycle C, however, Pu is only of 
minor significance; the Pu239 and Pu241 values, which seem quite 
low, maybe fairly uncertain for all thorium fissile fuel cycles 
since they do not significantly influence fissile fuel utiliza- 
tion. By contrast, the U235 and U233 values determined for 
the thorium cycles must be highly reliable. 
As regards fissile fuel cycles D, E, and F, i.e. the uranium 
cycle, burnup calculations were available only for cycle D.   he 
(1 + a) values for the Pu isotopes (1 .460 and 1 .265 for ~ ~ 2 3 9  
and Pu241, respectively) taken from these calculations probably 
require some revision. In the meantime, values of 1.59 and 1.41 
have been published without accompanying neutron balances (Teuchert 
and Brandes 1975), which show closer agreement with the global 
HTR data of (1 + a) = 1 .627 and ( 1  + a) pU41 = 1 -373 contained 
ifi the ORIGEN code system (Bell 1973) and the data measured by 
Gwin et al. 1976 (Figure 111.2). For cases D to F, the values 
proposed in Teuchert and Brandes (1975) were accepted with the 
reservation that they might reauire revision. A comparison of 
(1 + a) l for the Pu isotopes in the D20 reactor (N. Pieroni, 
recalculations for Atucha, Argentina, personal communication, 
Gesellschaft fur Kernforschung, Karlsruhe, 1974) yields values 
of 1.526 for Pu239, 1.439 for Pu241, and 1.180 for U235. This 
i is as far as the problem of accurary of such (1 + a)Z data can 
be discussed here; a more detailed examination would exceed the 
scope of the present investigation. 
111.5 .  DESCRIPTION OF THE ONE-GROUP 
CALCULATIONS PERFORMED 
i 
The  r e l e v a n t  g l o b a l  n e u t r o n  pa r ame te r s  P ,  v i ,  and ( 1  + a ) ,  
were e v a l u a t e d  i n  t h e  p r eced ing  s e c t i o n s .  I n  o r d e r  t o  o b t a i n  
t h e  c o n ve r s ion  r a t i o  CR, Equa t i on  (111 -5 ) ,  w e  s t i l l  have t o  de- 
I 
t e r m i n e  t h e  f i s s i l e  f i s s i o n  f r a c t i o n  d i s t r i b u t i o n  (Fi/F Z ,  f o r  
which a n a l y t i c a l  r e l a t i o n s  a r e  deve loped  i n  Appendix 1 I I . A .  
I According t o  t h e s e  e q u a t i o n s ,  t h e  d i s t r i b u t i o n  o f  (Fi /F ) z  can  
be d e t e rmined  f o r  a l l  f i s s i l e  f u e l  c y c l e s ,  once  t h e  r e s p e c t i v e  
( 1  + a) :  v a l u e s  a r e  a v a i l a b l e  and t h e  c o n v e r s i o n  r a t i o  CRZ i s  
known. S i n c e  CRZ i s  t h e  pa ramete r  t o  be o b t a i n e d ,  a n  i t e r a t i v e  
. . 
- T 
p r o c e s s  i s  needed f o r  d e t e r m i n i n g  CR and (FL/FL) . 2 Z 
i 
B r i e f l y ,  t h i s  i t e r a t i v e  p r o c e s s  i s  t h e  f o l l o w i n g :  v and 
f i s s i l e  f u e l  c y c l e - s p e c i f i c  ( 1  + a ) i  v a l u e s  are t a k e n  from Tab l e  Z 
1 1 1 . 4 ,  and a n  HTR d e s i g n -  and f u e l  b u r n u p - s p e c i f i c  P v a l u e  from 
Tab le  111.3. These p a r a m e t e r s  remain  c o n s t a n t  t h roughou t  t h e  
i t e r a t i o n .  F i r s t  one  makes a  z e r o  o r d e r  approx imat ion  of  t h e  
c o n v e r s i o n  r a t i o  CR1-O - (1 = i t e r a t i v e  s t e p )  u s i n g  Equa t i on  (111-51, 
i I v a l u e  from t h e  q z  v a l u e s  of  a f t e r  hav ing  chosen  a p l a u s i b l e  ql-O -
t h e  p e r t i n e n t  f i s s i l e  i s o t o p e s  i n  Tab l e  1 1 1 . 4  (see example i n  
Appendix I11 . A )  . With CR1-O i I 
- 
a v a i l a b l e ,  an  (F /F ) 1=1 d i s t r i b u -  
t i o n  can be de t e rmined  by means o f  t h e  a p p r o p r i a t e  e q u a t i o n s  i n  
Appendix 111 .A. With (Fi/F1) 1= 1 a v a i l a b l e ,  one o b t a i n s  a  re- 
.,- 
v i s e d  q' 1= 1 v a l u e  w i t h  Equa t ion  (111 -6 ) ,  u s i n g  the s p e c i f i e d  
( l + a )  and vi v a l u e s .  Thus one  c a l c u l a t e s  a  r e v i s e d  
z  
i I 
CR1,l, which a g a i n  c a n  be used  t o  de t e rmine  a new (F  /F 
d i s t r i b u t i o n .  T h i s  i t e r a t i v e  p r o c e s s  i s  r e p e a t e d  u n t i l  CR l = n  
converges .  Convergence i s  u s u a l l y  a t t a i n e d  a f t e r  t h r e e  o r  f o u r  
i t e r a t i v e  s t e p s .  Having s p e c i f i e d  CR1-,, one can p roceed  t o  
- 
c a l c u l a t e  t h e  U235 f i s s i o n  f r a c t i o n s ,  t h e  U235 demand d:5 , and 
t h e  d i s c h a r g e d  f i s s i l e  f u e l  a:, w i t h  t h e  h e l p  o f  ~ q u a t i o n s  (111-2). 
( 1 1 1 - 4 )  , and ( 1 1 1 - 1  ) . 
Comparison of  t h e  r e s u l t s  o b t a i n e d  w i t h  t h i s  a n a l y t i c a l  
method t o  t h e  r e s u l t s  o f  e x a c t  burnup c a l c u l a t i o n s  shows a  con- 
s i s t e n t l y  good agreement .  More d e t a i l s  a r e  g i v e n  i n  Appendix 
I I I . B ,  where t h e  c a l c u l a t i o n s  f o r  e ach  f i s s i l e  f u e l  c y c l e  a r e  
Table  111.6 .  Accuracy of t h e  one-group model f o r  f i s s i l e  f u e l  
c y c l e  p a r am e t e r s  i n  comparison t o  e x a c t  burnup 
c a l c u l a t i o n s  ( P  v a l u e s  t a k e n  from e x a c t  c a l c u l a -  
t i o n s ,  ( 1  + a ) 1  v a l u e s  from Tab le  1 1 1 . 4 ) .  
Accuracy 
d i s c u s s e d  s e p a r a t e l y .  T a b l e s  I I I . B . l  t o  I I I . B . 4  compare t h e  
. - 
method on t h e  b a s i s  of  t h e  r e s u l t s  of t h e  r e f e r e n c e  burnup 
c a l c u l a t i o n s  l i s t e d  i n  T a b l e  111.2 .  The accu racy  o f  p r e d i c t i o n  
t h a t  c a n  be  o b t a i n e d  f o r  t h e  r e l e v a n t  f u e l  u t i l i z a t i o n  p a r a m e t e r s  
CRZ and d:' and f a r  some o t h e r  impor t an t  p a r a m e t e r s  i s  summarized 
i n  Tab le  111.6:  CRZ can  be  p r e d i c t e d  up t o  1  p o i n t  ( 0 . 0 1 ) ,  and 
d:' up t o  3%.  
The accu r acy  o f  t h e  r e s u l t s  l a r g e l y  depends  on t h e  a v a i l -  
i 
a b i l i t y  of  r e l i a b l e  (1  + a ) =  and P  v a l u e s .  The P v a l u e s  w e r e  
shown t o  be w e l l  p r e d i c t a b l e  f o r  a l l  f i s s i l e  f u e l  c y c l e s ,  b u t  
i t h e  ( 1  + a ) Z  v a l u e s  v a r i e d  s i g n i f i c a n t l y  among t h e  i n d i v i d u a l  
f i s s i i e  f u e l  c y c l e s .  Based on t e n  r e f e r e n c e  burnup c a l c u l a t i o n s ,  
i t h e  (1  + a ) Z  v a l u e s  i n  Tab l e  1 1 1 . 4  f o r  t h e  t ho r ium c y c l e  c an  be  
i r e g a r d e d  a s  q u i t e  r e l i a b l e .  ( 1  + a )  f o r  t h e  uranium c y c l e ,  on 
z 
t h e  o t h e r  hand,  s p e c i f i c a l l y  f o r  f i s s i l e  f u e l  c y c l e s  E and F ,  
a r e  e s t i m a t e s ,  based on t h e  burnup c a l c u l a t i o n s  f o r  f i s s i l e  f u e l  
c y c l e  D. A r e l a t i v e l y  s m a l l  e r r o r  ( - 5 % )  i n  t h e s e  v a l u e s  w i l l  
a f f e c t  t h e  r e s u l t s  q u i t e  c o n s i d e r a b l y .  I t  i s  f e l t ,  however, 
i t h a t  t h e  ( 1  + a ) Z  v a l u e s  adop ted  h e r e  f o r  t h e  uranium c y c l e ,  
and e s p e c i a l l y  t h o s e  c o n s i d e r e d  f o r  Pu239 and Pu241, r e p r e s e n t  
r e a s o n a b l e  e s t i m a t e s  t h a t  conform t o  t h e  v a l u e s  obse rved  f o r  
o t h e r  t h e r ma l  r e a c t o r s .  














































































































































